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This report defines basic hydro!geologic parameters w ith in  the 
Williams Fork Mountains o f Routt and Moffat counties, northwestern 
Colorado. The area contains some o f the la rgest reserves and most pro­
ductive mines o f subbituminous coal in  Colorado.
Both regional and loca l aquifers are found in  the area. Regional 
aqu ife rs , the Trout Creek and Twentymile sandstones, are p rim a rily  beach 
deposits over 100 fee t th ick  th a t are continuous through the area.
Local aquifers include d is tr ib u ta ry  channel sands and coal seams 
iso la ted  from each other by aquatards. These are generally continuous 
fo r  10 to  20 m iles; however, they are important because they are more 
l ik e ly  to  be impacted during mining operations. Pump te s t and s lu g -te s t 
data on both open-hole and s in g le - in te rva l well completions ind ica te  low 
aqu ife r hydraulic co n d u c tiv itie s , generally on the order o f 10"* to  10 
fee t per day.
P re c ip ita tio n  averages 16 inches while po ten tia l évapotranspiration 
is  about 42 inches. Bedrock aqu ife r recharge is  probably low, w ith the 
greater part coming through small amounts o f percolation over large 
areas. Ground-water flow  in  the area is  con tro lled  by topography.
Ground water in  the eastern study area flows to  the center o f a small 
closed basin. Ground water in  the western area generally flows to  the
i i i
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north, discharging as local seeps and springs, and recharging aquifers 
o f the regional Sand Wash Basin.
Water samples from wells in  the eastern study area generally are 
dominated by sodium, while western water samples have dominant calcium- 
magnesium cations. The d iffe rence between the waters is  due to 
adsorption o f calcium and magnesium and desorption o f sodium on marine 
shales in  the east. Anion re la tionsh ips are not as c lear. In general, 
bicarbonate predominates over su lfa te .
Water q u a lity  throughout the area is  generally poor. Mean to ta l 
dissolved so lids concentrations are two times higher than the drinking 
water standard in the west part o f the area and one and one-half times 
higher than the standard in  the east. Several ind iv idua l constituents 
have mean concentrations (notably sodium, bicarbonate, manganese, and 
mercury) tha t exceed published standards. Some constituents are found 
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Inch-pound un its  used in  th is  report may be converted to  metric 
un its  by use o f the fo llow ing  conversion fac to rs :
M u ltip ly By To obtain
inch ( in . ) 25.40 m illim e te r
fo o t ( f t ) 0.3048 meter
m ile (mi) 1.609 kilom eter
square foo t 0.0929 square meter
gallon 3.785 1 i te r
gallon per minute 0.06309 l i t e r  per second
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INTRODUCTION
The purpose o f th is  report is  to  supply regional hydrologie 
inform ation fo r  use by mining companies in  th e ir  perm itting and 
cumulative impact studies. In western coal f ie ld s ,  large reserves o f 
l ig n ite  to  bituminous coal are being developed a t an accelerated pace. 
The Williams Fork Mountains o f northwestern Colorado ty p ify  th is  rapid 
expansion. From 1971 to 1979, annual production in Routt County, the 
lo c a li ty  o f the Williams Fork Mountains, increased by 1.7 m illio n  tons, 
from 4.2 to  6.9 m illio n  tons (Colorado D ivis ion o f Mining, telephone 
communication). Regulation o f mining by the government has also 
increased. In 1977, the Surface Mining Control and Reclamation Act was 
passed and signed in to  law. The primary purpose o f th is  law is  to 
regulate a l l  phases o f the s tr ip  mining o f coals. One section o f the 
law states tha t hydrologie inform ation on natural conditions in  an area 
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The purpose o f the report is  to define hydrogeologic parameters in 
a part o f the Williams Fork Mountains. Objectives o f the report 
include:
1. Defining the bedrock aquifers in  the study area; th e ir  
th ickness, la te ra l co n tin u ity , and interdependence.
2. Evaluating hydraulic inform ation from the study area fo r  
average values and important re la tionsh ips.
3. Determining ground-water flow d irec tions  w ith in  the area.
4. Defining dominant water-chemistry types along w ith th e ir  geo­
chemical d is tr ib u tio n s  and co n tro llin g  mechanisms.
5. Id e n tif ic a tio n  o f natural chemical components occurring in 
ground water a t dangerously high leve ls .
A u x ilia ry  top ics examined during th is  study include the types o f 
inform ation ava ilab le  from d if fe r in g  well completions and evaluation of 
the use o f slug tes ts  as a reconnaissance hydrologie to o l.
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Location
The study area is  in  Routt and Moffat counties, northwestern 
Colorado ( f ig .  1). Study area boundaries are best defined 
s tra tig ra p h ic a lly . The region includes the outcrop areas o f the upper 
150 fe e t o f the lie s  Formation, a l l  o f the Williams Fork Formation, 
and parts o f the lower Lewis Shale, a l l  Upper Cretaceous. The study 
area encompasses roughly 105 square miles ( f ig .  2) and is  in  the 
Williams Fork Mountains south o f the Yampa River between Steamboat 
Springs and Craig. The long axis o f the region is  p a ra lle l to , and 
about s ix  miles south o f,  U.S. 40.
The eastern portion o f the area contains a large gently ro ll in g  
park, Twentymile Park, and two smaller parks, Eckman Park and Dunckley 
Park. This portion is  drained by Fish, Foil d e l, M iddle, and Trout 
creeks to  the Yampa River. F ish, Foid e l, and Middle creeks are 
tr ib u ta ry  to  Trout Creek.
The middle part o f the area is  around Grassy Gap and is  drained 
by Grassy Creek, Sage Creek, Dry Gulch, and numerous smaller gulches 
includ ing Hubberson and Watering Trough gulches to  the Yampa River. The 
western area is  a large northeast dipping cuesta. Western gulches drain 
both north to the Yampa River and south toward the W illiams Fork River. 
Gulches in  the west important to  the study include Stokes Gulch, D i l l  






Previous research w ith in  the area generally focused on evaluation 
of coal or o i l  and gas reserves. Extensive coal reserves in  the 
Williams Fork Mountains have a ttrac ted  the a tten tion  o f geologists 
since the nineteenth century. Coal investiga tions in  the Williams Fork 
Mountains through the early  1920's are well described in  Bass and others 
(1955):
"The general region was traversed and mapped geo log ica lly  by
S. F. Emmons (1877), geolog ist w ith the 40th p a ra lle l survey in 
1872, 4 years before Colorado was granted statehood. A geologic
descrip tion , includ ing a map, is  given in  his report on the region.
Four years la te r  the region was v is ite d  by C. A. White (1878 and 
1889), a geologist w ith the Hayden survey. Topographic and geologic 
maps and descrip tions, which are contained in  reports o f tha t 
survey, c a ll a tten tion  to  the extensive coal deposits.
"In  the la te  e igh ties  and early  n in e tie s , rumors tha t a
ra ilro a d  would be b u i l t  in to  th is  region stimulated exp lo ra tion , 
immigration, and settlem ent. Geologists and mining engineers 
employed by the proposed Denver, Northwestern P ac ific  ( la te r  
the M offat) Railroad investigated the resources o f the area.
From 1886 to 1905 several a r tic le s  about coal in  the area 
were published. These included papers by F. F. Chisholm 
(1887), L. S. S torrs (1902, p. 435-436), G. C. Hewett (1889,
p. 376), R. C. H il ls  (1893, p. 354-358), H. F. Parsons and
C. A. U d e ll (1903), and W. Weston (1904, 1909, and 1914).
"A geologic report describing the coal deposits o f the area 
was published by the U.S. Geological Survey in  1906
(Fenneman and Gale, 1906). E xp lo ita tion  o f the coal on
a re la t iv e ly  large scale followed the a rr iv a l o f the r a i l ­
road in 1906. The coal in  and near Twentymile Park was 
described by Campbell (1923)."
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Following Campbell's repo rt, l i t t l e  work perta in ing to  coal was 
done w ith in  the area u n t il the mid-1950's and the pub lica tion  o f a U.S. 
Geological Survey B u lle tin  by Bass and others (1955). Later 
investiga tions on coal and coal reserves include work done by Horn 
(1959), M ille r  (1975), and Ryer (1977). In 1977-78, the U.S. Geological 
Survey Conservation D iv is ion conducted an extensive d r i l l in g  program 
aimed at be tte r coal resource evaluations and published geological and 
geophysical inform ation on a l l  holes d r i l le d  (Brownfield 1978a, 1978b, 
Bronson, 1979). In 1979-80 Dames and Moore published several quadrangle 
coal-resource maps (Dames and Moore, 1979-80).
Investigations in to  o i l  and gas reserves began in  the 1920's w ith 
studies on a n tic lin e s  in  the area (Crawford, 1920; Peri n i , 1920;
W illson, 1920; and C o llin s , 1921). Sears (1924) published a report on 
the geology and gas prospects in  the area. Portions o f the Williams 
Fork Mountains were included in  o i l  and gas investiga tion  maps by 
Bradley (1945) and Dyni (1966).
Numerous thesis investiga tions have studied portions o f the area, 
includ ing the works o f W illson and C o llins mentioned above. Blackmer 
(1939), Beatte (1958), Kerr (1958), Kucera (1962), Lauman (1965),
B u ffie r  (1967), Masters (1967), and K ite !y (1980) a l l  wrote geological 
theses reporting on investiga tions o f parts o f the study area.
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Examination o f surface and subsurface hydrology did not begin u n til 
the mid-1970's. Brogden and Giles (1977) published a reconnaissance 
ground-water hydrology report on a large area o f Routt and Moffat 
Counties, which included most o f the study area. Hounslow and 
F itzp a tr ic k  (1978) and McWhorter and others (1979) published reports 
containing hydrologie inform ation co llected from sp e c ific  s ites  w ith in  
the study area. A regional environmental impact statement (U.S. 
Department o f the In te r io r ,  1976) contained some regional hydrologie 
inform ation while several unpublished s ite  sp e c ific  studies fo r  permit 
app lications examined the hydrology o f small areas d ire c tly  influenced 
by mining a c t iv ity .  Warner (1981) modeled the area to  attempt to 
p red ic t impacts o f surface mining on surface-water q u a lity  in  streams.
Relationship to  Current and Future Studies
This report is  one o f several reports planned by the U.S.
Geological Survey to  evaluate pre-mining and post-mining hydrologie 
conditions. This report w i l l  supply background inform ation fo r  use 
in fu tu re  reports and supply input on the accuracy and r e l ia b i l i t y  of 
data co llected from several types o f wells sampled in the area.
In te rp re ta tions  and conclusions in  th is  report should be strengthened




Topography in  the Williams Fork Mountains varies from gentle to 
rugged. Topography is  most dependent upon the lith o lo g ie  and 
s tru c tu ra l se ttings .
The Twentymile Park region ( f ig .  2) contains shales in the axis of 
a sync!ine. As a re s u lt,  the area is  characterized by lo w - re lie f , 
gently ro ll in g  te rra in . The regional surface gradient slopes gently 
toward the east and center o f the area.
A second topographic form is  found a t the Edna mine, west o f 
Trout Creek, and in Eckman Park. In these two loca tions, gently 
d ipp ing, cuesta dip slopes are cut by subparalle l subsequent streams. 
The topography on the dip slope is  smooth, w ith low to moderate 
r e l ie f  between streams. The back slopes have much higher gradients 
w ith shorter streams. In both loca tions , the d ip slopes have regional 
surface gradients toward the northwest.
The remaining topography in the eastern portion o f the area 
resu lts  from the s u r f ic ia l expressions o f several a n tic lin e s . The 
topography is  characterized by deeply incised slopes and c l i f f s ,  
producing a rough, h ig h -re lie f  te rra in . No o ve r-a ll regional
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gradient is  present; instead, the gradient depends upon loca tion  on a 
fo ld . The roughest te rra in  o f th is  type occurs on the eastern limbs 
o f the Sage Creek, Fish Creek and Tow Creek a n tic lin e s  (p l.  1).
Topographic expression west o f Hayden Gulch and Dry Creek resu lts  
from inc is io n  o f regional cuestas. The cuestas are s u r f ic ia l 
expressions o f the regional Sand Wash Basin s truc tu re . Western 
topography associated w ith cuesta dip slopes is  characterized by f l a t ,  
low-gradient ridges separated by narrow steep-sided a llu v ia l va lleys. 
R e lie f increases toward the south. R e lie f is  greatest in  cuesta 
escarpment areas along the southwest border. Here, southward flow ing 
streams have incised several thousand fee t toward the north in to  the 
cuesta, producing narrow va lleys surrounded by steep c l i f f s .  The 
regional gradient o f the e n tire  western dip slope area is  to  the 
northeast.
Elevations w ith in  the area range from a low o f 6,320 fee t in  the 
northwest corner to 8,220 fe e t in  the southeast corner. In general, 
regional elevations increase toward the south and east. Local r e l ie f  
varies from very low in  Twentymile Park to  several hundred fe e t along 
cuesta escarpments in  the western portion o f the study area.
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Population D is tr ib u tio n  and Land Use
Four towns : Steamboat Springs, Hayden, Craig, and M ilner, are
located close to the northern boundary o f the study area ( f ig .  2). 
Within the area, population density is  low and lim ite d  to  scattered 
ranches and farms.
Primary land uses are ranching, farm ing, and mining. The greater 
part o f the area is  used fo r  c a tt le  and sheep ranching and lim ite d  dry­
land wheat farming. S tr ip  mining o f coal is  the other land use.
Several large operating mines are located in  the study area with 
several others planned. D isruption o f the land does re su lt in  removal 
o f the area from other land uses; however, current reclamation programs 
could eventually return mined areas back to  productive land use. No 
organized recreational f a c i l i t ie s  occur in  the area; however, big game 
hunting in  the area is  popular during the f a l l , and several pro­
fessional o u t f it te rs  lease large tra c ts  o f ranch!and fo r  commercial 
hunting camps.
The sparse population has not impacted the ground-water regime of 
most o f the area. Several large mines in the east have disrupted 
surface and subsurface waters, but mining e ffe c ts  are re la t iv e ly  new 
and generally re s tr ic te d  to the immediate mine area. The large 
undisturbed areas should show natural ground-water conditions.
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Mineral and Energy Resources
Primary mineral and energy resources include o i l ,  gas, and coal, 
w ith coal the dominant resource. The existence o f these resources is  
the main reason fo r  the many geological investiga tions undertaken in 
the area.
Oil and gas are found in  the Tow Creek and Buck Peak f ie ld s .  The 
Buck Peak F ie ld , f i r s t  developed in 1956, is  on the axis o f the Buck 
Peak a n tic lin e , T. 6 N, R. 90 W. The southern part o f the Tow Creek o il 
f ie ld ,  in T. 6 N, R. 87 W, lie s  w ith in  the study area. The Tow Creek 
o i l  f ie ld ,  on the Tow Creek a n tic lin e  ax is , was f i r s t  developed in  1924 
and is  not as productive as the Buck Peak F ie ld . Production o f both 
f ie ld s  is  summarized in  Table 1.
Routt County contains the la rgest s trippab le  and underground coal 
reserve base in  Colorado, estimated a t 413 and 3,826 m illio n  short tons 
(Green, 1980). Coal was f i r s t  mined in Routt County in  the la te  1880's, 
w ith  production increasing by several orders o f magnitude a fte r  comple­
tio n  o f the ra ilro a d  in to  the area in  1906. Production was constant, 
w ith  a couple o f depressed years, u n t il the la te  1950's when i t  f e l l  
o f f  sharply ( f ig .  3). Recovery began in the early  1960's and continues 
through today. Production leve ls  should continue to  r is e , but a t a 
more modest pace (M artin , 1980).
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Table 1. Summary o f o i l  and gas data fo r  f ie ld s  in  the study 
area
1978 Cumulative Oil 1978 Cumulative Gas  ̂
Field Production (bbls) Production (1000 ft. )
Buck Peak 3,174,639 3,627,672
Tow Creek 2,933,395 338,899
Source : Donaldson and Macmillan, 1980
ter
1690 1910 1930 1950 1970
Figure 3.—Coal production in Routt County, 1880-1979.
ER-2545 16
REGIONAL GEOLOGIC SETTING 
Physiographic Setting
The Williams Fork Mountains are a t the extreme southeast corner 
o f the Sand Wash Basin, one o f several basins w ith in  Colorado contain­
ing Cretaceous rocks. The Sand Wash Basin is  a subbasin o f the Wyoming 
Basin physiographic province. The Williams Fork Mountains l ie  along 
the boundary o f the Wyoming Basin province and the Southern Rocky 
Mountain province (Howard and W illiam s, 1972, p. 30). The Sand Wash 
Basin is  bordered on the east by the Park Range, a large a n tic lin e , 
and the Axial Basin Arch and White River U p lif t  to  the west and south 







Rocks o f the upper lie s  Formation, Williams Fork Formation, and 
Lewis Shale were deposited in  a f iv e  m illio n -ye a r timespan beginning 
approximately 70 m illio n  years ago (Berman and others, 1980).
Deposition occurred during two regressive-transgressive phases 
extensive enough to  move the strand!ine through the area. The f i r s t  
regressive phase began w ith the strand!ine  situated 30 miles west o f 
Craig trending northeast to  southwest ( lin e  1, f ig .  5a). The sea 
regressed eastward across the study area u n t il the e n tire  area lay 
under nonmarine d e lta ic  conditions. A subsequent transgression moved 
the strand!ine  back through the area u n t il the strand!ine was ten 
miles west o f Craig ( lin e  3, f ig .  5a). A second regression moved the 
strand!ine  back to  the east resu lting  in nonmarine conditions 
p reva iling  in  the study area ( lin e  4, f ig .  5a). A f in a l westward 
transgression resulted in marine cond itions, moving the strand!ine 
well west o f Craig ( lin e  5, f ig .  5a).
The re su lting  stra tig raphy has marine portions tha t thicken toward 
the east, and nonmarine portions th a t thicken toward the west ( f ig .  5b). 
The th ic k  Trout Creek and Twentymile sandstones, discussed in  the next 
section, were deposited and preserved during regressive phases and climb 
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Figure 5.—Strand!Ine boundaries for regressive transgress1ve 
phases during deposition of study area rocks.
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Stratigraphy
The m u ltip le  m igrations o f strand!ines through the area resulted 
in s tra tig ra p h ie  re la tionsh ips tha t are complex and often re su lt in 
poor co rre la tions . Rocks w ith in  the area were deposited under marine 
and nonmarine conditions. Nonmarine depositional conditions resulted 
in  varied deposits o f lim ite d  la te ra l con tin u ity  w ith many facies 
changes. Also, numerous minor transgressive-regressive pulses during 
deposition produced local strand!ine  m igrations superimposed on the 
la rge r phases. Depositional environments migrated w ith the strand- 
l in e ,  producing c y c lic  depositional regimes o f less than 100 fee t 
(Gaffke, 1979). The re su lting  deposits can be c la s s if ie d  as two th ick  
beach sandstones, the Trout Creek and the Twentymile sandstones, the 
Lewis Shale, and several in tervening sections containing both marine 
and nonmarine rocks. A s im p lifie d  s tra tig ra ph ie  section fo r  the area 
is  shown in  fig u re  6.
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EJC-J
Lewie Shale -Dark grey to black homogeneous 
marine ehale.
Upper member- Dark gray mudstones, eiltstones,
limey shales, sandier toward the west
Twentymile Sandstone- «White to light grey well sorteo, 
fine greinee inour*ted ssndstone.
hiiddle marine member- Narine eh=)le in east, grey
eiltstones with sandstone beds 30 to 
100 feet thick in the west.
Lower coal-be-ring member- Grey to black eiltstones and 
limey shales, inter bedded coals of 
commercial thickness. Becomes sandier 
toward the west.
Trout Creek Sandstone - White to light grey well




Modified from Ryer, 197B
Figure 6.—Simplified stratigraphie section for the study area.
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Trout Creek Sandstone
The Trout Creek Sandstone a t the top o f the lie s  Formationis the 
basal u n it studied ( f ig .  6 ). Type lo c a lity  fo r  the Trout Creek 
Sandstone is  in  the northeastern portion o f Twentymile Park 
along Trout Creek (Fenneman and Gale, 1906, p. 26). The u n it th ic k ­
ness is  very consis ten t, and th is  bed is  considered the most re lia b le  
key bed w ith in  the area (Bass and others, 1955, p. 155). The Trout 
Creek Sandstone has a conformable contact w ith underlying marine 
shales. The underlying shale, 275 fe e t th ic k , provides an impermeable 
hydrologie boundary. The upper contact is  conformable and very sharp, 
serving as the boundary between the lie s  and Williams Fork formations.
The Trout Creek Sandstone consists o f white to l ig h t  gray, well 
sorted, fine -g ra ined , indurated sandstone. Few sedimentary structures 
are present, usually trough crossbedding and planar laminations (Ryer, 
1977). Widely spaced fractu res were present in  outcrops studied. 
S ilic a  cementation is  normally present, but varies in  amount at 
d if fe re n t loca tions. Core samples are generally well indurated. 
Sandstone thicknesses reported in  the l i te ra tu re  seem to show a east­
ward th icken ing , from 75 fe e t a t Pagoda (Konish i, 1959) to  132 fe e t in 
the v ic in i ty  o f Oak Creek (Kucera, 1959).
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Williams Fork Formation
Most o f the rocks in  the study area are part o f the Williams Fork 
Formation. Rocks o f the W illiams Fork Formation were f i r s t  named by 
Hancock (1922). The formational contacts are both conformable; the 
lower contact is  sharp w ith the lie s  Formation and eas ily  id e n tif ie d  
by the coarse grain size and presence o f black chert in  the underlying 
Trout Creek Sandstone (Ryer, 1977). The upper contact is  tra n s itio n a l 
w ith  the Lewis Shale. The exact c r i te r ia  used by Bass and others (1955) 
to separate the two formations is  unknown. The Trout Creek Sandstone is  
nonmarine, while the Lewis Shale is  marine. The tra n s itio n a l zone 
between the two is  on the order o f 10 fe e t, defin ing a very narrow 
zone to  place the actual contact. The thickness o f the Williams Fork 
Formation varies from 1,100 fe e t a t Mount Harris to 2,000 fe e t a t the 
western study area boundary (Bass and others, 1955, p. 157). The 
increase in  thickness occurs a t the top o f the formation where the 
formation thickens a t the expense o f the Lewis Shale (p i. 2). The 
Williams Fork Formation in  the study area was o r ig in a lly  broken in to  
three members (Bass and o thers, 1955); however, the fo u rfo ld  c lass­
if ic a t io n  scheme used by Ryer (1977) works b e tte r and is  used here.
The fou r members are the lower coal-bearing member, the middle marine 
member, the Twentymile Sandstone, and the upper member ( f ig .  6).
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Lower Coal-Bearing Member
The lower coal-bearing member contains extensive coal reserves 
o f subbituminous coal (Bass and others, 1955). The lower boundary 
is  the sharp contact between the underlying Trout Creek Sandstone, a 
beach deposit, and the fin e  grained coal-bearing member deposits 
(Ryer, 1977). In the east, the upper contact occurs between the 
nonmarine sandstones and mudstones and overlying marine shales.
In the west, where the shale is  absent, the contact is  a r b i t r a r i ly
set approximately 50 fe e t above the highest th ick  coal seam (p i. 2).
The dominant lith o lo g ie s  are gray to black s ilts to ne s  and limey 
shales interbedded w ith coal seams. Toward the west, the section 
becomes sandier and coals tend to be th inner and more numerous.
The thickness o f th is  member varies from 300 fe e t in  the east to  
450 fe e t in  the west, p r im a rily  because o f facies changes across the 
area.
Coal w ith in  th is  in te rva l is  mined extensively in  the study area 
east o f Hayden Gulch. Three seams, the Wolf Creek, Wadge and Lennox, 
are extensive and continuous enough to have been named. The Wolf Creek 
coal is  found 50 to  60 fee t above the top o f the Trout Creek Sandstone 
(Ryer, 1977, p. 16). This seam varies from zero to 18 fe e t in  th ic k ­
ness over short horizonta l distances and is  o f poor q u a lity  because o f
shale s trin ge rs . The Wolf Creek seam is  not cu rre n tly  being mined.
The Wadge coal seam is  230 fe e t above the Trout Creek Sandstone.
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I t  is  a clean continuous coal w ith a nine foo t average thickness.
This is  the major source o f coal a t the three large operating s tr ip  
mines (Energy Fuels, Edna and Seneca) in the eastern study area.
The Lennox seam is  about 40 fe e t above the Wadge seam. I t  is  about 
fou r fe e t th ic k  and has been eroded away over much o f the eastern 
area.
West o f Hayden Gulch the coal seams in th is  member are th inne r, 
more numerous, and not accessible by s tr ip  mining. Much less is  known 
about these coals, so co rre la tion  o f the Wolf Creek, Wadge and Lennox 
coals does not extend west o f Hayden Gulch. Some underground mining o f 
these coals has occurred in  the past, but no current a c t iv ity  ex is ts .
Middle Marine Member
The middle th ird  o f the Williams Fork Formation was named the 
marine member because o f marine rocks in the Eckman Park (Ryer, 1977). 
The member is  defined by the underlying contact w ith the lower coal- 
bearing member, previously discussed, and an upper tra n s itio n a l 
conformable contact between the s i l t s  and clays o f th is  member and the 
overlying coarse grained Twentymile Sandstone. L itho log ies vary from 
marine shale in  the east to  nonmarine gray s ilts to n e s , s i l t y  sandstones, 
and brown sandstones in the west. There are few coal seams in  th is  
in te rv a l,  and those present generally occur in  the middle o f the member 
in  the fa r  western portion o f the study area. Several sandstones
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30 to 100 fee t th ic k  are present west o f Hayden Gulch (p i.  2).
Thickness o f th is  member varies from 700 fe e t in  the east to  450 fee t in 
the west, p rim a rily  because o f facies changes to nonmarine rocks toward 
the west.
Twentymile Sandstone
The Twentymile Sandstone, f i r s t  named by Fenneman and Gale (1906), 
is  very s im ila r in  appearance and o rig in  to  the Trout Creek Sandstone 
(Bass and others, 1955, p. 153). Like the Trout Creek Sandstone, i t  
is  a white to  l ig h t  grey, well sorted, fine -g ra ined , well indurated 
sandstone. Thickness and character o f the Twentymile Sandstone is  
more varied than in  the underlying Trout Creek Sandstone. In the east, 
the Twentymile Sandstone is  approximately 100 fe e t th ic k , w ith a well 
defined lower tra n s it io n a l contact between the coarser beach sand and 
the underlying marine shales, and a sharp upper contact w ith the 
s iltsones and fin e  grained sandstones o f the upper member. In the 
west, the actual thickness is  about the same; however, rocks above and 
below the Twentymile Sandstone tend to be coarser s i l t y  sandstones or 
sandstones producing poorly defined boundaries. The best explanation 
fo r  th is  coarsening toward the west is  a regressive-transgressive 
turnaround in the Twentymile Sandstone in te rva l th a t ex is ts  near the 
eastern study boundary. Because o f the turnaround, depositional 
conditions existed longer in  the west, producing th ick  sandstone un its
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where the sea's m igration slowed down, stopped, and regressed back 
toward the east.
Upper Member
The upper member o f the Williams Fork Formation includes a ll 
rocks between the top o f the Twentymile Sandstone and the base o f the 
Lewis Shale. Rocks in  th is  member are p rim a rily  dark gray mudstones, 
s ilts to n e s , and limey shales w ith some sandstones 20 to  50 fee t th ic k . 
Coal seams, some th ick  enough to be economic, occur near the base o f 
the member in the east and from the base through the middle o f the 
in te rva l in  the west. Thickness o f the upper member increases from 
200 fe e t in  the east to 850 fe e t in  the west (Bass and others, 1955, 
p. 159).
Lewis Shale
Lewis Shale is  a marine shale deposited during the la s t major 
regional transgression (Zapp and Cobban, 1960). Only the lower part o f 
the Lewis Shale is  present. The Lewis Shale is  p rim a rily  a dark gray to 
b lack, homogeneous marine shale. Total thickness o f the shale varies 
throughout the Twentymile area, varying from zero a t the edges o f the 
basin to  approximately 600 fe e t in  the center. The flow ing wells
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d r il le d  through and completed below the Lewis Shale show tha t the 
unweathered part o f the shale provides a confin ing hydraulic boundary 
fo r  the underlying members in  the Twentymile Park area.
Structure
S tructura l features w ith in  the study area are a d ire c t re su lt o f 
the Larami de orogeny which began in  la te  Cretaceous tim e, 65 to 
70 m illio n  years ago, and continued in te rm itte n tly  in to  la te  Eocene time 
(Tweto, 1980). The re su lting  regional s tructure  is  shown in f ig .  4 
(p. 17).
The major s truc tu re  in  the area, the Hayden sync!ine, is  the 
fa rth e s t southeastern extension o f the Sand Wash Basin. The Hayden 
sync!ine passes ju s t  east o f Hayden, Colo. Smaller structures in the 
area can be divided in to  eastern and western s ty le s . These d if fe r in g  
s tru c tu ra l s ty les are extremely important because they a ffe c t many 
physical parameters includ ing topography, vegetation, surface drainage, 
and ground-water movement.
The structu re  o f the western study area, from Hayden Gulch west 
to the western boundary, is  b a s ica lly  a homocline dipping to  the 
northeast a t a 10 to  15 degree angle. One fo ld ,  the Buck Peak
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a n tic lin e , occurs in  the fa r  northwestern study area. The structure  
o f th is  a n tic lin e  does not extend to the surface. The Buck Peak 
a n tic lin e  axis trends northwest, p a ra lle l to  regional s tr ik e s . R e lie f 
on th is  fo ld  is  estimated by Bass and others (1955) a t 400 to 500 fe e t. 
One fa u lt  occurs ju s t  south o f and p a ra lle l to  the fo ld  axis. Several 
smaller fo lds  s im ila r in  alignment are also present. Major tecton ic  
influences appear to  be White River U p lif t  and Axial Basin Arch.
The eastern study area, from Hayden Gulch east, has a d iffe re n t 
s tru c tu ra l o r ig in  and expression. The primary tecton ic  influence in 
th is  region is  the north-trending Park Range a n tic lin e . Secondary 
fo ld s , overprinted on the regional s truc tu re , complicate the s truc tu ra l 
p ic tu re .
Two north-south sync!ines are close to the eastern boundary. The 
smaller is  ju s t south o f the Tow Creek a n tic lin e  and plunges toward the 
north. The other sync!ine, the Twentymile Park sync!ine, is  a doubly 
plunging syncline forming a small basin along the eastern study 
boundary. The basin has roughly 2000 fee t o f r e l ie f  in  the center o f 
Twentymile Park.
Three s ig n if ic a n t a n tic lin e s  occur in  conjunction w ith the 
sync!ines (p l.  1). The Tow Creek a n tic lin e  plunges toward the 
southwest and is  the la rgest o f the fou r a n tic lin e s  w ith 3,000 fe e t
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of r e l ie f .  The Tow Creek a n tic lin e  has been stripped to i t s  Mancos 
shale core, 1250 fe e t below the Trout Creek Sandstone, hyd ra u lica lly  
is o la tin g  i t s  eastern and western flanks . The Sage and Fish Creek 
a n tic lin e s  are subparallel a n tic lin e s  southeast o f Hayden. Both plunge 
northward. The Sage Creek a n tic lin e  is  la rg e r, t ig h te r ,  and has more 
r e l ie f .  The eastern limbs o f a l l  three a n tic lin e s  are much steeper than 
the western limbs.
Faults are much more common east o f Hayden Gulch. They occur in 
two loca tions , on the western flank  o f Tow Creek a n tic lin e  and in  the 
extreme southeast. A ll are high angle, normal fa u lts . Separations 
on fa u lts  are on the order o f tens o f fe e t, w ith most fa u lts  one to  f iv e  
miles long. Fault traces are subparallel in  both areas and trend to  the 
northwest out o f the study area (p l.  1).
CLIMATE AND VEGETATION
Clim atic conditions influence ground-water recharge by 
c o n tro llin g  ava ilab le  p re c ip ita tio n , vegetation, weathering, land- 
form development, s o il development, and nearly a l l  o f the c r i t ic a l  
surface processes important to  ground-water studies. Important 
c lim a tic  parameters include p re c ip ita t io n , temperature, evaporation, 
tra n s p ira tio n , hum idity, and wind.
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P rec ip ita tion
P rec ip ita tio n  data from three weather s ta tio n s , Steamboat Springs, 
Hayden, and Craig shows a trend o f increasing p re c ip ita tio n  toward the 
east ( f ig .  7a). The isohyetai map shows maximum p re c ip ita tio n  occurring 
along an east-west axis in  the center o f the area ( f ig .  7b). The 
p re c ip ita tio n  d is tr ib u t io n  on both figu res is  best explained by an 
increase in  elevation causing a cooling o f the a ir .  The cooler a ir  
cannot hold as much water and p re c ip ita tio n  re su lts .
P rec ip ita tio n  d is tr ib u tio n  fo r  Steamboat Springs characterizes 
conditions in the extreme eastern portion o f the study area. 
P rec ip ita tio n  occurs in  a pattern ch a ra c te ris tic  o f the western United 
States: high p re c ip ita tio n  in  the w in te r, declin ing in  the summer
( f ig .  7a). This c lim a tic  pattern resu lts  from cooling and condensation 

























Figure 7a.—Annual precipitation patterns in the study area 
(U.S. Weather Bureau and NOAA)







Figure 7b.—Precipitation distribution in the study area
(Berry, 1959). Average annual precipitation in inches
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P re c ip ita tion  patterns a t Hayden and Craig are more character­
is t ic  o f the study area. P re c ip ita tion  averages about one inch per 
month throughout the year ( f ig .  7a). Elevation changes a t Hayden and 
Craig are not great enough to  produce s u ff ic ie n t cooling fo r  snow fall; 
the re fo re , w in te r p re c ip ita tio n  does not increase. The lack o f w inter 
snowfall is  the primary d iffe rence  between p re c ip ita tio n  in  Steamboat 
Springs and p re c ip ita tio n  in Hayden and Craig.
Temperature
Examination o f mean temperatures at Steamboat Springs and Craig 
shows a strong seasonal co rre la tio n . Both curves have the same shape, 
but d i f fe r  by fou r to  s ix  degrees ( f ig .  8 ). This implies temperature
contro l fac to rs  are more uniform in  the area than facto rs co n tro llin g
p re c ip ita tio n .
The dry, cloudless, h ig h -a ltitu d e  conditions found in the area 
produce extreme seasonal and diurnal temperature flu c tu a tio n s . Mean 
maximum d a ily  temperatures in July vary from 80 degrees F in  Steamboat
Springs to 85 degrees F in  Craig. Mean minimum d a ily  January tempera­
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Figure 8.--Annual temperature patterns in the -study area.
(compiled from U.S. Weather Bureau and NOAA data)
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Evaporation
Evaporation data are more lim ite d  than temperature or pre­
c ip ita t io n .  Only s ix  evaporation sta tions are maintained in the 
Colorado River watershed o f western Colorado (tab le  2). Evaporation 
is  p rim a rily  a function o f ava ilab le  heat, hum idity, and wind. The 
low hum idity, in te rm itte n t winds, and low number o f cloudy days in 
the area re su lt in  a pan evaporation rate from May to October o f 
42 inches at Hayden (tab le  2). This fig u re  agrees w ith the Weather 
Bureau data. Using a pan c o e ffic ie n t o f 0.7 (Kohler, 1957), lake 
evaporation would be approximately 29 inches, well above annual 
p re c ip ita tio n  values. Since inform ation is  ava ilab le  only fo r  the 
May to  October period, po ten tia l evaporation is  ac tu a lly  h igher, 
re su ltin g  in  a po ten tia l p rec ip ita tion-evapora tion  d e f ic i t  severely 
a ffe c tin g  recharge.
No wind and humidity data are ava ilab le  fo r  the area. In 
general, the re la tiv e  humidity is  low, increasing only during 
thundershowers and snowstorms. Actual wind e ffe c ts  are unknown.
Ground Water and Climate
Climate has a d ire c t contro l on ground-water recharge. Since 
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minimized, occurring during runo ff and immediately a fte r  d iscre te  
p re c ip ita tio n  events. This is  p a rt ic u la r ly  true on south-facing slopes 
where increased rad ia tion  produces maximum evaporation. The north- 
facing slopes w i l l  not dry out as much, creating a p o te n tia lly  higher 
recharge s itu a tio n .
In general, in f i l t r a t io n  w i l l  occur in the spring a t higher 
elevations w ith snowmelt runo ff eventually satura ting the ground to 
allow deep perco la tion . Some in f i l t r a t io n  w i l l  re s u lt from thunder­
showers in  the summer; however, f ie ld  capacity must be sa tis fie d  
before ground-water recharge can occur. Studies on f ie ld  capacity 
in  various te rra in s  on d if fe r in g  slope and aspect would g rea tly  aid 
in  q u a n tifica tio n  o f the above g en e ra litie s .
Vegetation
Consideration o f vegetation is  important fo r  three reasons.
F irs t ,  p lant root systems s ta b iliz e  the s o i l ,  and thereby reduce 
erosion. Secondly, p lant root systems help convert re g o lith  in to  
developed s o i l ,  increasing po ten tia l percolation and in f i l t r a t io n .  
F in a lly , plants transp ire  large amounts o f percolating water, reducing 
the po ten tia l recharge and con tribu ting  to  discharge.
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In aqu ife r recharge areas, the amount and type o f vegetation 
present may be a d ire c t in d ica to r o f moisture a v a ila b il i ty  fo r  
recharge. Vegetation is  con tro lled  by moisture a v a i la b i l i ty ,  a 
function o f c lim ate, aspect, a lt itu d e , and land-use h is to ry . Vegetal 
types include sagebrush, cropland, mountain shrub, and aspen. Each 
vegetal type is  summarized b r ie f ly  below from inform ation in North­
west Colorado Coal Environmental Impact Study (U.S. Department of the 
In te r io r ,  1979). Vegetal d is tr ib u tio n s  are shown in  fig u re  9.
Sagebrush (1, f ig .  9) generally occurs at 5,000- to  7,000-foot 
e levations in deep, w ell-dra ined s o ils . Sagebrush is  often found in 
areas where low-moisture content in  the so il l im its  the growth of 
other species. Sagebrush (p rim a rily  Artemisia tr id e n ta ta ),one to six 
fee t high, is  the main vegetal type. Ground-cover plants include 
grasses and forbs. Overgrazing by c a tt le  and sheep has s ig n if ic a n tly  
reduced the grasses. The sagebrush is  found in lower elevations and on 
south-facing slopes. Vegetation density varies from almost bare to 
dense. The deep s o ils  and low moisture content minimize po ten tia l 
recharge to bedrock aquifers.
Croplands are lim ite d  to small f ie ld s  in  the northeast and south­
west (2, f ig .  9). Cropland is  generally converted sagebrush and 
riverbottom  land w ith crops lim ite d  to dryland w in te r wheat and hay in 
ir r ig a te d  a llu v ia l bottoms. Some cropland areas were natural grass­












































croplands are very lim ite d  in  extent and are probably s im ila r to  
sagebrush in  th e ir  lim ite d  a b i l i t y  to  provide moisture fo r  recharge.
The mountain shrub vegetation occurs a t 5,000- to  7,000-foot 
e levations in  deep, well drained s o ils ,  on north -facing slopes, or in  
protected areas where moisture remains in to  the ea rly  summer 
(3 , f ig .  9 ). Dominant shrubs are scrub oak (Quercus gambeli) in  higher 
moisture areas, and s e rv iceberry (Amalanchier a In i fo l ia ) in  lower 
moisture areas. Natural ground cover, p rim a rily  weeds or grasses, is  
la rg e ly  grazed o f f .  Vegetation is  h igh ly  va ria b le , ranging from th in  
and patchy on lower north -fac ing  slopes to  th ic k  and extensive on ridge 
tops in  the southeast. Mountain shrub lo c a lit ie s  are areas o f higher 
m oisture, so more water is  ava ilab le  fo r  recharge.
One subtype, aspen (Populus tremuloides aurea) , is  also found 
w ith in  the area (4, f ig .  9 ). Aspen areas generally occur a t the highest 
e levations and along va lleys . The aspen generally increases toward the 
southeast where e levation and p re c ip ita tio n  are most favorable. 
Vegetation density genera lly increases w ith e leva tion , w ith  the th icke s t 
and most extensive stands found in  the Sage Creek a n tic lin e  area and in 
the higher areas west o f Oak Creek.
Ground Water and Vegetal Type
The surface vegetation may be a d ire c t in d ica to r o f so il-m o is tu re  
cond itions. In aqu ife r recharge zones, the areas o f greatest moisture
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content should have the highest unsaturated hydraulic conductiv ity  fo r  
s im ila r s o ils . Sagebrush and croplands are found in  areas where so il 
moistures are low. Mountain shrub and aspen occur in  areas w ith higher 
so il-m o is tu re  conditions. The higher so il-m o isture  conditions should 
re su lt in  more recharge through deep percolation in the w etter aqu ife r 
recharge zones. No so il-m o is tu re  data are ava ilab le , so i t  is  not known 
i f  the d iffe rence  ex is ts  or is  s ig n if ic a n t. Knowledge o f vegetal type 
trans la tab le  to  so il-m o is tu re  conditions may increase the accuracy of 
recharge d is tr ib u tio n s  in  ground-water models by providing a method o f 
geographically d is tr ib u t in g  recharge.
SURFACE HYDROLOGY
A working knowledge o f surface hydrology benefits ground-water 
studies three ways. F irs t ,  knowledge o f stream d is tr ib u tio n  and flow 
provides inform ation on when and where recharge from streams occurs. 
Also, periods o f high spring runo ff corre la te  w ith times o f 
s ig n if ic a n t overland flow , again supplying inform ation on recharge 
times. F in a lly , surface-water geochemical data provide background 
inform ation on ongoing s u r f ic ia l geochemical processes w ith in  the 
area. General stream d is tr ib u t io n  and flow  are reviewed f i r s t ,  
followed by a geochemical summary.
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Stream D is tr ib u tio n  and Flow
Stream d is tr ib u tio n  and flow  depends upon o r ig in  and loca tion .
The two major r ive rs  on the periphery, the Yampa and the Williams Fork, 
flow  nearly due west through the area across ex is ting  s tru c tu ra l trends. 
Both are probably antecedent and superposed (Hunt, 1969). The smaller 
t r ib u ta ry  streams fo llow  current s tru c tu ra l trends, although some do 
flow  across s tru c tu ra l trends (p l.  1). Three d if fe r in g  stream 
systems, west, ce n tra l, and east, owe th e ir  o rig ins  to  d if fe r in g  
s tru c tu ra l se ttings .
The western system, extending from the western study boundary to 
Hayden Gulch, is  the simplest system. The gulches form on cuestas of 
the Mesaverde Group outcrop o f the Sand Wash Basin. G ullies are 
aligned subparalle l to  each other down the fro n t or back o f the cuesta. 
A ll western gulches begin along the cuesta ridges at a ltitu d e s  less 
than 7,500 fe e t. Runoff occurs during the spring, r is in g , peaking and 
receding rap id ly  (Stokes Gulch, f ig .  10). Streamflow is  generally low 
and occurs from February to Ju ly . Western g u llie s  flow ing to  the north 
flow  la te r  in to  the year than southward flow ing g u llie s  because o f 
la rge r drainage areas, lower grad ients, and a northward slope aspect. 
Gulches in th is  area provide recharge in in flu e n t stream reaches only 
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Figure io .—Hydrographs for representative streams in the area
(Data from U.S. Geological Survey gauging station records 
and summaries).
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The centra l stream system drains the Sage Creek and Trout Creek 
a n tic lin e  areas as well as the western side o f the Tow Creek a n tic lin e  
(p l.  1). Within the area are three perennial streams: Dry Creek, Sage
Creek, and Grassy Creek along w ith numerous gulches includ ing Hubberson 
Gulch and Watering Trough Gulch. A ll streams o rig ina te  w ith in  the study 
area, generally at e levations less than 8,000 fe e t. Dry Creek is  a 
subsequent stream draining the western flank  o f the h i l ls  formed by Sage 
Creek a n tic lin e . Sage Creek, dra in ing the central and eastern slopes of 
these h i l ls  cuts across s tru c tu ra l trends.
Grassy Creek drains most o f the h i l ls  formed by the Fish Creek 
a n tic lin e  and the western h a lf o f the h i l ls  formed by the Tow Creek 
a n tic lin e . No streamflow inform ation is  ava ilab le  fo r  the above three 
streams. Two tr ib u ta ry  g u ll ie s , Hubberson Gulch and Watering Trough 
Gulch, have one-year records (1980) ind ica ting  perennial conditions fo r  
the streams ( f ig .  10). Streams in  th is  area should provide recharge in 
to  bedrock aquifers in  losing stream reaches in to  the summer months.
The eastern streams d i f fe r  from other streams in  the study area.
The eastern area is  drained by four main streams: Trout Creek and i ts
tr ib u ta r ie s .  Fish Creek, Foidel Creek, and Middle Creek, a l l  running 
p a ra lle l to s tru c tu ra l s tr ik e  and converging ju s t south o f M ilner.
Trout Creek is  the la rgest stream in  the e n tire  study area. Beginning 
on the Dunckley F la t Tops, i t  maintains a moderate flow  throughout the 
year ( f ig .  10). Fish, Foi d e l, and Middle Creeks jo in  Trout Creek w ith in
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the study area before flow ing in to  the Yampa River. Fish Creek, the 
northernmost stream, drains Dunckley Park, cuts across s truc tu ra l trends 
in Fish Creek Canyon, and drains much o f Twentymile Park. Fish Creek 
headwaters are above 10,000 fe e t on the northern side o f the Dunckley 
F la t Tops. Flow in  the stream ra re ly  goes below three cubic fee t per 
second ( f ig .  10). Foidel Creek begins a t much lower elevations and 
drains a smaller area. Foidel is  the only creek in  the eastern stream 
system o r ig in a tin g  in  the study area. Foidel Creek begins in Eckman 
Park and flows in te rm itte n tly  in to  the la te  summer. Downstream, Foidel 
Creek drains the extreme southern part o f Twentymile Park. Middle Creek 
is  s im ila r  to Foidel Creek but drains a la rge r area at higher 
e levations. Runoff from Middle Creek, s im ila r to Foidel Creek, peaks in 
the la te  spring and early  summer. Middle and Foidel creeks jo in  east o f 
Twentymile Park. Bedrock recharge from the above streams can occur in 
losing stream reaches through much o f the year. G u llies draining in to  
the eastern streams flow  in te rm itte n tly  and provide recharge when they 
are flow ing from spring snowmelt.
Springs are present throughout the e n tire  study area and are an 
important source o f surface water during low-flow periods. Most 
springs are small. Springs are more prevalent in  the western part o f 
the study area and provide small amounts o f water to  g u llie s . Resulting 
channel flow  may not be continuous. Springs are not as common in  the 
eastern study area.
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No attempt was made to  estimate stream recharge-discharge 
re la tionsh ips w ith the bedrock aqu ife rs. Even in  in f lu e n t reaches of 
perennial streams, recharge o f bedrock aquifers by stream waters may 
be much less than recharge through the so il zone. Calculations of 
ground-water discharge in to  the la rger streams in  the Twentymile Park 
area were accomplished through the use o f modeling (Warner and Dale, 
1981); however, data acquired a fte r  modeling was completed produced 
inform ation tha t c o n flic ts  w ith the c a lib ra tio n  data used in  the 
o rig in a l modeling procedure, making resu lts  from th is  modeling e f fo r t  
suspect.
To summarize, three d if fe re n t stream systems occur in  the study 
area. Western g u llie s  are in te rm itte n t and flow  down the steep back 
or long, sloping fro n t o f the Williams Fork Formation cuestas. L i t t le  
ground-water recharge po ten tia l is  provided. Three streams in the 
centra l area drain the cores and flanks o f three a n tic lin e s . These 
are perenn ia l, low-flow  streams, p o te n tia lly  providing continuous 
recharge in  losing stream reaches. T ribu ta ry g u llie s  in the central 
area are in te rm itte n t, providing po ten tia l seasonal recharge. Four 
perennial la rge r streams in  the east are the area's most constant source 
o f surface water. T ribu ta ry  g u llie s  in the east are in te rm itte n t and 
can provide seasonal recharge in  in f lu e n t reaches.
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Surface-Water Chemistry
Water-chemistry data were obtained from seven surface-water 
sampling sta tions in  the study area (tab le  3). A ll streams drain 
d if fe re n t s tra tig ra ph ie  in te rva ls  o f the lie s  and Williams Fork 
formations and the Lewis Shale. Analysis o f graphical and s ta t is t ic a l 
data revealed tha t a l l  samples have subequal reacting percentages of 
calcium and magnesium ( f ig .  11). Three samples on Stokes Gulch had a 
higher reacting amount o f sodium; however, i t  is  an in te rm itte n t gulch 
flow ing over several miles o f marine shales p r io r  to  i t s  sampling point 
(p l.  1).
L itho log ie  co rre la tio n  w ith  pH was not successful. Three o f the 
four highest pH samples drained marine shales. The other high pH 
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Figure 11.—Riper trllInear diagram for surface-water chemistry 
samples In the area (Data from U.S. Geological Survey 
surface-water stations).
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QUANTITATIVE GROUND-WATER DATA SOURCES
Hydraulic and geochemical data in  th is  report were co llected over a 
five -yea r period by survey personnel fo r  use in several ongoing and 
completed studies. Three types o f quan tita tive  data, geochemical, water 
le v e l, and hydrau lic , were co llected from three d if fe r in g  well types.
The well types are domestic w e lls , monitoring holes w ith open-hole 
completions, and monitoring holes w ith s in g le - in te rva l completions. The 
fo llow ing  section presents general well-completion in form ation, and 
describes data co llected from the above well types.
Undocumented domestic wells are low -y ie ld , p r iva te ly  owned wells 
used fo r  domestic or stock watering purposes. Most are in  a llu v ia l 
areas near streams. A ll domestic w ells in  the area were inventoried 
during the summer o f 1975. No geological or geophysical logs or 
completion inform ation are ava ilab le . Domestic wells were generally 
sealed, so pump te s ts , slug te s ts , or water-level measurements were not 
conducted. Temperature, f ie ld  pH, and sp e c ific  conductance measurements 
were made a t a l l  domestic w e lls . More sp e c ific  inform ation on p rinc ipa l 
chemical components was co llected a t a lim ite d  number o f these w e lls .
The lack o f completion inform ation sorely re s tr ic ts  the usefulness o f 
data from these w e lls .
A large amount o f inform ation used in  th is  study orig inated from 
the open-hole completion wells scattered throughout the area. These 
w ells  were d r i l le d  in  1976-77 by the U.S. Geological Survey
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Conservation D iv is ion  to determine coal resources. E le c tr ic , natural 
gamma, and gamma-gamma logs were run on a l l  w e lls ; geological logs were 
compiled on about h a lf o f the w e lls . Selected w ells were then completed 
by Water Resources D iv is ion  technicians to  supply hydrologie data.
Wells were completed w ith two- or three-inch PVC pipe perforated at 
sandy in te rva ls  shown on the geophysical logs ( f ig .  12a) w ith the 
thought tha t these were the aqu ife r areas ( f ig .  12a). Many wells were 
perforated in  two or more in te rv a ls . No m ateria ls were used to iso la te  
aqu ife rs , re su lting  in  po ten tia l mixing o f water from a ll  s tra tig rap h ie  
in te rva ls .
Water-level measurements, water geochemical sampling, and slug 
tests  were performed on a l l  open-hole observation w e lls . Pump tests 
were not performed on most open-hole wells because casing diameters 
were too small to  allow pump access. Several uncased holes, la te r  
abandoned, were pump tested p r io r  to th e ir  completion in  the Eckman Park 













Figure 12.—Typical well completions, Williams Fork Mountains.
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S ing le -in te rva l completions (wells sampling a s ingle aqu ife r) 
provided the best inform ation ( f ig .  12b). Complete borehole geo­
log ica l and geophysical data provide good background in form ation.
These w ells  were in s ta lle d  from 1977 to 1980 in two loca tions—at the 
Seneca Mine and on the Fish Creek a n tic lin e , e ight miles southeast o f 
Hayden. Four-inch PVC pipe was used in completions so tha t pump 
tests  could be performed and water leve ls and water chemistry closely 
monitored to estab lish  a comprehensive data base. The major bene fit 
o f these w ells is  tha t they supply inform ation on a s ing le  aqu ife r.
The con tro lled  inform ation may help in  in te rp re ta tio n  o f open-hole 
data co llected from several in te rv a ls . The major disadvantage o f 
these w ells is  the s tra tig ra p h ie  l im its  they te s t. Most w ells were 
completed only in  the Wadge coal seam and the material immediately 
overly ing and underlying i t .
AQUIFER LOCATION, THICKNESS, AND LATERAL CONTINUITY
The problem o f de fin ing  the cha ra c te ris tics  o f aquifers in th is  
region is  compounded by several fa c to rs . F irs t ,  the meaning o f the 
word aqu ife r must be defined. Aquifer is  a re la tiv e  term used to  
define a stratum capable o f producing s ig n if ic a n t amounts o f water. 
"S ig n if ic a n t amounts o f water" in  one region fo r  one app lica tion  may 
be in s ig n if ic a n t in  other regions, or fo r  other app lica tions. Aquifers 
in the area have low y ie ld s , capable a t best o f producing sustained
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y ie ld s  on the order o f tens o f gallons per minute. A second fa c to r in 
the aqu ife r d e f in it io n  problem is  th a t some o f the aquifers are 
generally discontinuous, le n t ic u la r  beds tha t are hard to  corre la te  from 
well to  w e ll.
Secondary s truc tu res , fra c tu re s , fo ld s , and fa u lts ,  also produce 
changes in  the hydrologie regime. Fracturing increases secondary 
perm eability co rre la tions between lith o lo g ie  type and primary 
perm eability . Fracturing is  also responsible fo r  a l l  s ig n if ic a n t 
perm eability in  coals. Folding a lte rs  flow  regimes, creating areas 
o f local discharge in some places while re s tr ic t in g  flow in  others. 
Faulting may create impermeable hydraulic ba rrie rs  capable of blocking 
ground-water flow , but i t  also can increase the perm eability i f  the 
fa u lt  is  large and gouge is  coarse. A ll o f these parameters work 
together in  modifying the ground-water system, making i t  very d i f f i c u l t  
to  separate f u l ly  the e ffec ts  o f one structu re  from another.
Aquifer Types
In th is  repo rt, aquifers are c la s s if ie d  in to  two types—regional 
aquifers and local aqu ife rs. Both types o f aquifers f i t  the standard 
d e fin it io n  o f producing" s ig n if ic a n t"  amounts o f water under ordinary 
hydraulic gradients (Freeze and Cherry, 1979). Regional aquifers are 
over 100 fe e t th ick  and underlie the e n tire  area. Local aquifers
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are not found throughout the e n tire  study area; however, they may be 
very important to local mining operations as the only impacted aquifer 
and should be examined in  d e ta il.
Several sources o f inform ation were used to  define aqu ife rs. 
Geological and geophysical logs were used to  define aqu ife r 
boundaries and thickness. Correlations between wells helped define 
co n tin u ity . Outcrop studies and g ra in-s ize  analysis yie lded 
in tra -a q u ife r  data on regional aqu ifers. Existing s tra tig ra p h ie  
inform ation on depositional environments and h is to ry  was combined 
w ith  the physical data to  produce the f in a l in te rp re ta tio n s .
Depositional Environments
An understanding o f depositional environments is  he lp fu l in 
estim ation o f the thickness and co n tin u ity  o f aqu ife rs . Western 
coals and associated deposits developed in  a llu v ia l and de lta -p la in  
environments close to  the shoreline (Weimer, 1976). Marine deposition 
was p rim a rily  near-shore mudstones and shales. Resulting deposits are 
generally homogeneous w ith some layering . These marine deposits have 
low perm eabilities and are c la s s if ie d  as aquitards.
Near-shore marine deposits gradually change in to  massive 
tra n s it io n a l sandstones. The th ic k  tra n s it io n a l sandstones, broken 
in to  shoreface, su rf zone, and foreshore environments (Gaffke, 1979),
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were deposited adjacent to  the shoreline and preserved during regressive 
phases (Zapp and Cobban, 1979). Sandstones o f th is  type are 
predominantly fine-gra ined and w e ll-so rted . These deposits are the 
regional aquifers in the area.
The remaining rocks in  the area re s u lt from two nonmarine 
depositional environments, deltas and swamps. Various types o f rocks 
includ ing s ilts to n e s , s i l t y  sandstones, sandstones, and coals orig inated 
in  de ltas . D is tr ib u ta ry  sandstones re s u lt from d e lta ic  d is tr ib u ta ry  
channels ( f ig .  13). D is tr ib u ta ry  sandstones are lin e a r and vary in  
thickness and la te ra l co n tin u ity . Coals o rig ina te  in poorly drained 
bank deposits associated w ith d is tr ib u ta ry  sands in a d e lta ic  se ttin g . 
Coals are usually variab le  in  thickness and extent.
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Figure 13a--Depositional environment model of the southeast 
study area. (From Gaffke, 1979).
Figure 13b— Distributary channel model showing depositional 
relationships in an area similar to the study 
area (modified after Camacho, 1969).
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Swamps and bays are low-energy environments producing shales and 
mudstones. Thickness and la te ra l co n tin u ity  o f these deposits are 
va riab le . In general, deposits o f th is  type are not aqu ife rs.
In summary, marine deposits are low-energy mudstones and shales 
th a t produce poor aqu ife rs . T ransitiona l beach deposits are 
fine -g ra ined , w e ll-so rted  sandstones, tha t produce good aqu ife rs. 
Nonmarine deposits are h igh ly variab le  in th ickness, la te ra l extent, 
grain s ize , and aqu ife r p o te n tia l.
Regional Aquifers
Two lith o lo g ie  un its  w ith in  the s tra tig ra p h ie  boundaries o f the 
study area are c la s s if ie d  as regional aqu ife rs—the Trout Creek 
Sandstone o f the upper Ile s  Formation and the Twentymile Sandstone of 
the Williams Fork Formation. Both un its  are th ic k , tra n s itio n a l 
deposits o r ig in a tin g  from seas th a t regressed through the area from 
west to  east (Zapp and Cobban, 1960). Neither aqu ife r is  heavily 
u t i l iz e d  because o f low population density and s u ff ic ie n t surface-water 
supplies. Because o f the s im ila r ity  between the two form ations, 
physical properties fo r  each w i l l  be discussed f i r s t ,  followed by 
general hydrologie conclusions fo r  both.
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Trout Creek Sandstone
The Trout Creek Sandstone aqu ife r is  the lower o f the two 
regional aqu ife rs , generally occurring between 1,000 and 1,100 fee t 
below the top o f the Twentymile Sandstone (p l.  2). Thickness 
averages 100 fe e t, w ith a range from 70 to 130 fe e t. Aquifer th ic k ­
ness is  very consistent, and the aqu ife r has been traced fa r  to  the
west o f the study area (Hancock, 1925) and in to  the subsurface north
o f the Buck Peak a n tic lin e . The aqu ife r overlies a marine shale
roughly 275 fe e t th ick  (Bass and o thers, 1955) tha t hyd ra u lica lly
iso la tes i t  from underlying formations. The upper boundary varies 
between nonmarine mudstones, th in ,  poorly developed coals, and s i l t y  
sandstones, a l l  o f which can be c la s s if ie d  as aquitards.
The aqu ife r is  massive, white to  gray, f in e -  to  very f in e ­
grained, moderately w e ll-sorted  quartz a ren ite . The mean p a rtic le  
size o f sieved samples varied from 0.08 to  0.17 mm w ith graphical 
standard deviations ranging from 0.4 to  1.60 ph i. The aqu ife r consists 
o f 90 percent subangular quartz and 10 percent black subangular chert. 
Cementation o f samples is  h igh ly  varied, ranging from fr ia b le  to well 
indurated, w ith almost a l l  samples moderately to  well indurated. No 
poros ity  measurements were made, but average poros ity  is  estimated at 
10 percent. The primary cementing agent is  s i l ic a ,  w ith clays present
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in  the so fte r samples. Ind iv idua l sandstone grains are undeformed 
w ith  tangentia l g ra in -to -g ra in  contacts, implying l i t t l e  or no 
compaction has occurred.
Five g ra in -s ize  analyses o f Trout Creek Sandstone samples show no 
co rre la tion  between geographical loca tion  and means (tab le  4 ). The 
sandstone appears to  coarsen upward s l ig h t ly ,  but estimations of 
perm eability using the Hazen formula show tha t the m a jo rity  o f the 
samples have calculated perm eabilities o f the same order o f magnitude 
(tab le  4 ). Some fra c tu rin g  o f sandstones, p a ra lle l and perpendicular to 
the bedding, was observed in  the outcrop and may a lte r  aqu ife r 
p roperties; however, jo in t  spacing is  wide, on the order o f tens o f 
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Physical parameters fo r  the Twentymile Sandstone are nearly 
id en tica l to  those o f the Trout Creek Sandstone. Because o f th e ir  
s im ila r depositional h is to rie s  and environments. The Twentymile 
Sandstone aqu ife r is  a massive, white to  gray, moderately sorted, f in e -  
to very fine-gra ined quartz a ren ite . Mean grain sizes from f iv e  sieve 
analyses show graphical means ranging from 0.08 to  0.14 mm and graphical 
standard deviations ranging from 0.63 to 1.08 phi (tab le  4 ). The u n it 
contains about 90 percent subangular quartz and 10 percent b lack, 
subangular chert. Average porosity  is  estimated a t 10 percent. 
Induration in  these rocks is  s im ila r to Twentymile Sandstone samples, 
ranging from rare f r ia b le  samples to  the more common moderately to  well 
indurated type. Geographical d is tr ib u t io n  o f f r ia b le  samples is  s im ila r 
fo r  both regional aqu ife rs , w ith  the loosest samples located along 
Hayden Gulch. The cementing agent is  p rim a rily  s i l ic a  in the harder 
samples and clay in  the so fte r ones. Tangential g ra in -to -g ra in  contacts 
o f the outcrop samples again reveal th a t l i t t l e  or no compaction has 
occurred.
No apparent geographical co rre la tions  o f grain size e x is t,  and 
the coarsening upward o f average grain size in  the formation does not 
appear to  be s ig n if ic a n t when viewed from a hydrologie standpoint (see 
hydraulic conductiv ity  values, tab le  4 ). The fra c tu rin g  in  the Trout 
Creek Sandstone is  not found in  the Twentymile Sandstone.
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Regional Aquifer Differences
There are s ig n if ic a n t d ifferences between the two regional 
sandstones in  the west area. The primary cause o f the d ifferences is  
d is s im ila r s trand!ine locations at maximum transgression. For the Trout 
Creek Sandstone, the westernmost strand!ine fo r  the preceding 
transgressional phase was located well to  the west o f the study area 
(Zapp and Cobban, 1960). Depositional rates and conditions fo r  the 
Trout Creek Sandstone were s im ila r throughout the area during regressive 
deposition, producing uniform aqu ife r thickness o f about 100 fee t w ith 
fine-gra ined overly ing and underlying m ateria ls. In con trast, the 
westernmost strand!ine  o f the preceding transgressive phase o f the 
Twentymile Sandstone lay very close to  the western boundary (Zapp and 
Cobban, 1960). For the Twentymile Sandstone, conditions favoring 
sandstone deposition remained in  e ffe c t much longer in  the west. The 
re su lting  s tra tig ra p h ie  section in  th is  area is  much sandier, w ith the 
underlying aqu ife r boundary not well defined. Twentymile Sandstone 
thickness in  the west varies from 200 to 300 fe e t w ith  fine-gra ined 
deposits, 19 to 70 fe e t th ic k , breaking up the section (p i.  2).
The above d iffe rences are not found in  the east. An underlying 
marine shale 100 fe e t th ic k  seals the aqu ife r bottom, and fine-gra ined 
nonmarine aquitards occur above the aqu ife r. Over-all Twentymile
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aqu ife r thickness in  the east is  about 100 fe e t. These s im ila r it ie s  
imply tha t depositional conditions and regressive rates were very 
s im ila r fo r  both aquifers in  the eastern study area.
Hydrologie Im plications
Both aquifers contain well sorted and fin e  grained sands, showing 
l i t t l e  or no sign o f compaction. Both aquifers have moderate secondary 
s i l ic a  cementation, producing low p o ros itie s . These basic s im ila r it ie s  
o f geologic parameters imply a s im ila r ity  o f hydraulic p roperties. The 
aquifers have low po ros ity , low to  moderate perm eability , and varied 
secondary perm eability , dependent on sm a ll-frac tu re  d is tr ib u t io n . 
D ifferences in  induration appear to  be more close ly re lated to 
geographical loca tion  than to  s tra tig ra p h ie  lo ca tio n , implying a 
s im ila r ity  in  geographical d is tr ib u t io n  o f cementation processes fo r  the 
two aqu ife rs.
The mineralogies o f the two aquifers w i l l  re su lt in  l i t t l e  or no 
geochemical in te ra c tio n  on waters m igrating through the aqu ife rs. Both 
are composed o f SiOg re s is ta te  m inerals. S ilic a  rés is tâ tes are 
extremely stable and genera lly do not react to  any s ig n if ic a n t degree 
w ith  n a tu ra lly  occurring waters in  th is  environment. For th is  reason.
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waters passing through these sandstones should not undergo any 
s ig n if ic a n t geochemical changes. The main exception to  th is  statement 
is  the poorly understood p re c ip ita tio n  and d isso lu tion  reactions o f the 
secondary s i l ic a  cement; however, th is  reaction does not a ffe c t other 
nons ilica  geochemical reactions.
Localized Aquifers
Localized aquifers are aquifers tha t do not underlie the e n tire  
area, but may be important lo c a lly .  Localized aquifers are composed 
o f sandstone, co a l, or both. Depositional information is  very 
important in  estim ating la te ra l extent and independence o f loca lized 
aqu ife rs.
Thin Sandstone Beds
This type o f aqu ife r consists o f le n t ic u la r  sandstone beds w ith a 
40- to  60-foot maximum thickness. This type o f aqu ife r is  most common 
in the west in  the middle marine member (p i. 2 ).
In the eastern area, an absence o f complete lith o lo g ie  sections 
makes i t  d i f f i c u l t  to  locate th is  type aqu ife r. One 20- to  40-foot 
th ick  re s is ta n t sandstone bed between the Lennox and the Wadge coal 
seams is  responsible fo r  creating the dip slopes at several large
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s tr ip  mines (Bass and o thers, 1959, p. 158). Other deposits o f th is  
type may occur in  the east, but the predominantly marine lith o lo g ie s  
w i l l  lo ca lize  sandstone d is tr ib u t io n  and la te ra l extent.
In the fa r  western area, rocks become so sandy tha t most beds in 
the middle marine member are sandstones th a t are s im ila r to  the regional 
Twentymile Sandstone. Thin sandstone beds occur in  the lower coal- 
bearing member in  the west; however, they do not co rre la te  well from 
loca tion  to  loca tio n . This lack o f co rre la tion  im plies le n t ic u la r i ty .
Thin sandstone aquifers are best expressed in  the middle marine 
member o f the west centra l portion o f the study area. Here, two 
le n tic u la r  sandstone beds are found w ith in  the middle marine member of 
the Williams Fork Formation (p i. 2 ). The f i r s t  loca lized sandstone 
aqu ife r 520 fee t above the Trout Creek Sandstone, extends fo r  about 12 
miles and reaches a maximum thickness o f 40 fe e t (p i.  2). The second 
aqu ife r was not e n tire ly  defined by d r i l l in g .  This bed, about 700 fee t 
above the Trout Creek Sandstone, appears to thicken to  about 80 fee t 
while extending a minimum o f nine m iles. Localized aquifers in the west 
centra l area are le n t ic u la r ,  reach a maximum thickness o f around 
50 fe e t, and continue fo r  10 to 20 m iles. Fine-grained s ilts to n e  
aquitards seal these beds, producing h yd ra u lica lly  iso la ted  aquifers.
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These un its  are very s im ila r to  the extensive regional aqu ifers: 
white to  gray to l ig h t  brown, moderately well sorted, fine-gra ined 
quartz arenites containing chert. These deposits should have 
lim ite d  geochemical reaction w ith  ground water.
These local sandstone aquifers are not as important as regional 
aquifers or the coal aqu ife rs ; however, i f  saturated, they could provide 
lim ite d  amounts o f water fo r  stock-watering use. They could be 
very important i f  disrupted by mining because leachates w ith high s a lt 
contents could d ire c tly  recharge the aqu ife rs. Their le n t ic u la r  nature 
seems to  lessen any chances o f s ig n if ic a n t regional impact.
Coal Seams
Commercial coal seams may be the most important aquifers in  the 
area. Secondary fra c tu rin g  makes the coal permeable and, in  fa c t ,  
coal seams may be the most permeable beds in  a sp e c ific  area. More 
im portan tly , coal aquifers are disrupted by mining, allowing aqu ife r 
waters to  mix w ith surface waters. Also, leachates from spoil material 
can enter the newly exposed aqu ife r system down gradient o f mining 
a c t iv i t ie s ,  degrading water q u a lity .
The metamorphosed nature o f coal makes i t  s im ila r to  fractured 
c ry s ta llin e  m ateria ls . Lim ited data are ava ilab le  on fra c tu r in g . In 
one area on the Fish Creek a n t ic lin e , core samples revealed h igh ly
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fractured Wadge coal. These coal cleats are p rim a rily  conchoidal w ith 
th e ir  traces oblique to  subparallel linea tions  in  the coal. No 
estimation o f fra c tu re  density was made (Nancy D rive r, personal comm.). 
Because o f the lim ite d  data, no conclusions were reached on p re fe ren tia l 
frac tu re  d ire c tio n s . No attempt was made to  define the frac tu re  
patte rn . The most l ik e ly  patterns would be fractu res p a ra lle l and 
perpendicular to  the o rig in a l bedding.
H ydro log ica lly , the most important coals are those tha t are 
th ic k  and continuous enough to  develop economically. Thinner, less 
extensive, noncommercial coal seams w i l l  not be disrupted.
In the area east o f Hayden Gulch, three coal seams from the 
lower coal-bearing member and one coal seam from the upper member 
warrant consideration. The coal seams are, in  ascending order, the 
Wolf Creek, Wadge, and Lennox coal seams o f the lower coal-bearing 
member and the Fish Creek coal o f the upper member o f the Williams 
Fork Formation.
The Wolf Creek coal is  50 to 60 fee t above the Trout Creek 
Sandstone. Thickness is  h igh ly  ir re g u la r , and cl aystone partings 
are common. Ryer (1977) states tha t maximum and minimum thicknesses 
fo r  the Wolf Creek coal in  Eckman Park occurred a t two adjacent d r i l l  
holes 2.4 miles apart. This extreme flu c tu a tio n  in  thickness is  
ch a ra c te ris tic  o f the Wolf Creek coal bed throughout the eastern area
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(Bass and others, 1955). The extreme va ria tions in  thickness over short 
in te rva ls  prevent any estim ation o f ove r-a ll aqu ife r co n tin u ity .
The Wadge coal seam, 230 fe e t above the Trout Creek Sandstone, 
is  the cleanest, most continuous coal in  the area w ith  no shale 
partings or organic fragments. The Wadge coal corre la tes extremely 
well on a local scale w ith no extreme thickness flu c tu a tio n s .
Regionally, the Wadge has been id e n tif ie d  from the eastern boundary 
o f the study area to  Dry Creek. I t  varies in  thickness from s ix  to
12 fe e t, showing a tendency to  th in  toward the southeast. Because
o f i t s  clean state and continuous nature, the Wadge is  the best coal 
aqu ife r in  the eastern study area.
The Lennox is  the th innest o f the lower coal-bearing member 
coal beds in the east. Thickness varies from three to  f iv e  fe e t.
The Lennox is  about 270 fe e t above the Trout Creek Sandstone. In 
many places, the Lennox coal seam has been eroded away. In general, 
i t  appears tha t the Lennox th ins  to the southeast in  a fashion s im ila r 
to the Wadge. H ydro log ica lly , the Lennox w i l l  be an aqu ife r where i t  
occurs below the water ta b le ; however, i t  does not have the areal 
coverage o f the Wadge in the east.
The Fish Creek coal seam is  the only upper member coal aqu ife r in
the east. I t  is  h igh ly  eroded and found only beneath the Lewis Shale in 
the Twentymile park area. I t  occurs 180 fe e t above the Twentymile
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Sandstone and generally averages two to fou r fe e t th ic k . The Fish Creek 
coal has been id e n tif ie d  along the southern and eastern Twentymile park 
boundaries and appears to th in  toward the northeast. No inform ation is  
ava ilab le  on thicknesses near the center o f the basin formed by the 
Twentymile sync!ine; however, the bed appears continuous around the 
basin margins and no evidence ex is ts  to suggest a pinching out. A large 
amount o f the m aterial in  the shallower parts o f Twentymile park is  
shale; the re fo re , the Fish Creek coal may be the most important aqu ife r 
in the Twentymile park area.
Much less inform ation is  ava ilab le  on the area west o f Hayden 
Gulch. Development o f the area lags behind the east, p rim a rily  
because o f a lack o f s trippab le  coal. No d r i l l in g  through the lower 
coal-bearing member to  the Trout Creek Sandstone has occurred on the 
western flank  o f the Sage Creek a n tic lin e , and no attempts have been 
made to co rre la te  the commercial Wolf Creek, Lennox, Wadge, and Fish 
Creek coal seams in  the east to  seams west o f Hayden Gulch.
In general, the number and thickness o f coal seams in  the lower 
coal-bearing and upper members increase toward the west (Bass and 
o thers, 1955). A few iso la ted  beds occur in  the middle marine member of 
the W illiams Fork Formation (p i.  2 ); however, they do not appear to  be 
la te ra l ly  continuous. The lower coal-bearing member contains the major 
seams in the west. Here, numerous th ick  seams occur, w ith several 
co rre la tin g  over several m iles. The most widespread and most eas ily
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corre lated seam west o f Hayden Gulch is  350 fee t above the Trout Creek 
Sandstone. The bed is  10 fe e t th ick  and is  found in  a l l  d r i l l  holes and 
sections covering th a t in te rva l (p i.  2 ). The seam appears continuous 
through much o f the centra l west area, but eventually s p lits  and does 
not co rre la te  to  the western boundary. A coal seam about 20 to  40 fee t 
below the continuous coal seam also extends through part o f the 
western area. I t  is  only about h a lf as th ick  and does not appear as 
often as the overly ing seam. This p a rtic u la r coa l, more typ ica l of 
the coal seams in  the western area, is  f iv e  to 10 fe e t th ick  and 
corre la tes well fo r  about f iv e  m iles.
The upper member o f the Williams Fork Formation contains coals 
tha t thicken appreciably toward the west. These seams corre la te  
poorly , implying lim ite d  la te ra l co n tin u ity . Most o f these seams are 
found west o f Hayden Gulch.
In summary, coal seams in  the study area are found p rim a rily  in 
the lower coal bearing member o f the Williams Fork Formation.
Commercial coal seams east o f Hayden Gulch are close enough to the 
surface to  be s t r ip  mined. The seams have been named and th e ir  
thickness and co n tin u ity  are well known. Lower coal-bearing member 
seams west o f Hayden Gulch are too deep fo r  s t r ip  mining and have not 
been studied or corre lated to  seams east o f Hayden Gulch. Coal seams 
are also found in the upper member, but are not as th ick  and continuous 
as coals in  the coal-bearing member.
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GROUND-WATER HYDRAULICS
The hydraulic parameters o f transm iss iv ity  and s to ra t iv ity  are 
important in  resource evaluations and modeling. Accurate determination 
o f these parameters depends upon correct tes ting  procedures and 
properly completed w e lls . In th is  study, both open hole and 
s in g le - in te rva l completions were tested using two methods, pump 
tests  and slug te s ts .
Pump-Test Data
Pump tes ts  were conducted p rim a rily  fo r  environmental impact 
evaluation a t large s tr ip  mines in  the east. Pump tests were con­
ducted over the past f iv e  years by both the U.S. Geological Survey 
and p riva te  mining concerns. In a l l ,  27 pump tests  were performed 
in  the area; however, only 22 were shown w ith sp e c ific  locations in 
the impact statements reviewed ( f ig .  14). Pump-test hydraulic values 
are summarized in  Table 5. Hydraulic information is  re s tr ic te d  to 
the lower coal-bearing members, p r im a rily  the Wadge coal seam and rocks 
immediately above or below i t .  No information is  ava ilab le  on the 
two regional aqu ife rs. Pump tests  were run in  both open-hole and 
s in g le - in te rva l w e lls , re su lting  in  data showing e ith e r integrated 
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Pump-test tra n sm iss iv itie s  fo r  the Wadge coal seam and i t s
associated overburden and underburden in  the coal-bearing member east of
2 pHayden Gulch range from 0.7 to  95 fee t /day w ith a mean o f 17 fe e t /day
and a standard deviation o f 20.6. Only one value, taken from a well o f
2
unknown thickness northwest o f Dry Creek, exceeds 50 fe e t /day.
Observation wells were not ava ilab le  in  the m a jo rity  o f pump 
te s ts , so storage co e ffic ie n ts  are lim ite d  to  only four observations.
The values are very low (on the order o f 10” ^ to  10” ^ ) ,  strong 
evidence th a t the aquifers were in  a confined sta te .
The pump te s t data do provide good information on the Wadge coal 
seam and i t s  overburden and underburden. Hydraulic conductiv ities  
varied from 0.1 to  0.6 ft/d a y . The four wells tested fo r  th e ir  
s to ra t iv ity  showed confined conditions. A ll fou r wells are completed in 
proposed or ac tive  s t r ip  mines, a short distance from the outcrop area 
o f the open zones in the w e lls . The ground water seems to reach
confined conditions a short distance from aqu ife r outcrop.
The hydraulic inform ation from th is  section is  o f lim ite d  use in 
de fin ing  bedrock hydrogeologic conditions. The pump te s t inform ation 
provides no sp e c ific  data on a large part o f the study area. A ll tests
were run on dip slopes o f a n tic lin e s  east o f Hayden Gulch. Information
is  very sketchy on the perm eability o f sandstones. The two wells
ER-2545 76
completed so le ly  in  coals had hydraulic conduc tiv ities  o f 0.3 ft/d a y . 
Wells completed in  the overburden and underburden had s im ila r hydraulic 
co n du c tiv itie s .
Slug-Test Data
A ll slug tests  were completed during the summer o f 1980. Tests 
were p rim a rily  on w ells d r i l le d  in  1976 and 1977, and completed in  the 
open hole fashion. In a l l ,  25 tests  were successfu lly completed 
( f ig .  14, p. 73). Compared w ith  pump te s ts , the slug tests  were run in 
a much wider combination o f geographic and s tra tig rap h ie  se ttings w ith 
a varied depth to  the potentiom etric surface. Aquifers were not 
heavily stressed by the slug te s t and the re su lting  inform ation is  
much less accurate than tha t from the pump te s ts . In th is  study, one 
s ig n if ic a n t fig u re  was the assumed accuracy fo r  slug te s ts .
The inform ation was co llected using a pressure transducer 
connected to  a s t r ip  chart recorder. The transducer was ca lib ra ted  
so th a t f u l l  scale was 10 fe e t, re su lting  in  a reso lu tion  on the s tr ip  
chart o f one tenth o f a fo o t. To simulate an instantaneous charge, 
a weighted, 20-foot long, one-inch diameter pipe was used to  displace 
water. A fte r in se rtion  and ca lib ra tio n  o f the pressure transducer, 
the "slugger" was inserted in to  the w e ll,  d isp lacing water and causing 
a r is e  in  head. Recovery back to  equ ilib rium  conditions was recorded 
on the s tr ip  chart. I f  the aqu ife r tran sm iss iv ity  was low, only one
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recovery curve was generated. In a more transmissive a q u ife r, several 
insertion/rem oval cycles were measured to gather rep lica te  inform ation. 
The time-drawdown graphs drawn on the s tr ip  chart were then transla ted 
to p lo ts  (shown in  Appendix 4 ), fo r  analysis.
The re su lting  time-drawdown data were analyzed by one o f two 
methods, depending upon ind iv idua l hydraulic conditions fo r  each w e ll. 
The f i r s t  method, described by Cooper and others (1967), assumes a f u l ly  
penetrating well in  a homogeneous, iso tro p ic  aqu ife r. The method is  
va lid  only in  confined a q u ife rs , a severe re s tr ic t io n . The so lu tion  
involves a type curve matching procedure s im ila r to  the Theis technique 
fo r  pump te s ts . This technique may be used fo r  a recovering head 
re su ltin g  from e ith e r in je c tio n  or removal o f water. I t  y ie lded the 
best inform ation on aquifers in  confined areas w ith s u ff ic ie n t water 
depth to lower the "slugger" beyond head flu c tu a tio n  range.
The second in te rp re tive  method was presented by Bouwer and Rice 
(1976). I t  is  based on the Theim equation and assumes the b a ilin g  o f a 
well under homogeneous and iso tro p ic  conditions. Unlike the f i r s t  
method, the well need not f u l ly  penetrate the aqu ife r and, more 
im portan tly , the aqu ife r can be unconfined. The ca lcu la tion  technique 
is  more complex than the Cooper method; however, no type curve matching 
is  needed. This technique was used only on higher transm iss iv ity  and 
unconfined w e lls . To te s t co rre la tio n  between s lu g -te s t techniques, 
both in te rp re tiv e  techniques were used on several w e lls . Results
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fo r  the wells genera lly showed co rre la tion  fo r  resu lts  o f the two 
analysis schemes to a t leas t one s ig n if ic a n t f ig u re , the study standard 
fo r  slug te s ts .
Results o f the slug tes ts  are shown in  tab le  6. Ind iv idual 
tra nsm iss iv ity  ranges fo r  each slug te s t re su lt from the use o f 
minimum and maximum values fo r  well ra d ii in  the necessary slug tes t 
formulas. Both o f the techniques take well-bore storage in to  account in  
th e ir  governing equations. Well-bore storage is  d ire c t ly  re lated to  the 
cross-sectional area o f the monitor hole. Open-hole completions 
contained no gravel packing, fo rc ing  the assumption tha t the maximum 
radius is  the d r i l le d  hole radius and the minimum radius, the inside 
casing radius. The higher the tra n sm iss iv ity , the greater the resu lting  
range between maximum and minimum values.
The o ve r-a ll tran sm iss iv ity  determined range fo r  a ll slug tests  was 
much greater than the range determined by pump te s ts . There are three 
reasons fo r  th is .  F irs t ,  the s ite s  where slug tests  were done cover a 
wider range o f geological and geographical conditions than pumping te s t 
s ite s . Second, slug tes ts  stress a much smaller volume o f aqu ife r, 
producing values o f tra n sm iss iv ity  tha t re f le c t conditions immediately 
around the well bore. F in a lly , te s t imperfections may be responsible 
fo r  the data va ria tion s . The f i r s t  two reasons are believed to  be most 
responsible fo r  the wide va r ia tio n . Many w ells were completed in  the 
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c h a ra c te ris tic s , such as degree o f cementation and fra c tu r in g  o f the 
rock penetrated by the w e ll,  were variab le  from well to  w e ll. The 
amount o f water removed or added fo r  th is  te s t was usually lim ite d  to 
less than one well volume. The actual volume o f aqu ife r tested is  qu ite  
sm all, and loca lized  ir re g u la r it ie s  are not averaged out as they are 
when a la rger volume o f aqu ife r is  sampled in  a longer term pumping 
te s t. These ir re g u la r it ie s ,  p a rt ic u la r ly  fra c tu r in g , may have a 
s ig n if ic a n t e ffe c t on the tra nsm iss iv ity  o f aqu ife r in  the v ic in ity  of 
the w e ll. Experimental e rro r was minimized by use o f an automated data 
co lle c tio n  system and the use o f only one person to  perform the tests 
and in te rp re t the data.
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H ydraulic C onductiv ities
The average hydraulic conductiv ity  o f an aq u ife r, calculated by 
d iv id ing  the transm iss iv ity  by the saturated thickness o f permeable 
m a te ria l, allows d ire c t comparisons o f hydraulic values independent o f 
saturation length. For a s in g le - in te rva l completion, the saturated 
thickness is  equal to the perforated in te rva l because a l l  m ateria ls in 
the completed in te rva ls  were permeable.
Calculation o f hydraulic conductiv ity  is  less accurate fo r  
open-hole completions. A ll permeable saturated in te rva ls  penetrated by 
the well respond to  stress in  the w e ll, regardless o f perfo ra tion  
loca tions , because the responses are transm itted by water in  the annul us 
which is  d ire c t ly  connected to  water in  the casing. The resu lting  
tran sm iss iv ity  value is  a summation o f a l l  saturated in te rv a ls , making 
i t  impossible to d is tingu ish  between conductive and nonconductive 
saturated zones. In a d d itio n , most open-hole wells were not cased to 
the bottom o f the d r i l l  hole, and none was sealed at the bottom o f the 
casing, a llow ing fo r  possible contribu tions from in te rva ls  below the 
well casing. To s im p lify  the s itu a tio n , i t  was assumed tha t the wells 
collapse a t the f i r s t  th ick  shale or mudstone below the casing, 
producing an impermeable seal between the well and uncased borehole 
below. Collapsing th a t was extensive enough to produce a seal could 
occur in  cased areas containing shales; however, there was no good 
method to estimate th is  problem. I t  was assumed casing tended to
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support the rock, and any collapsing in the cased in te rva l was not 
severe enough to  seal the in te rv a ls . The v a lid ity  o f the above 
assumptions is  unknown; however, both assumptions seem reasonable and 
g rea tly  s im p lify  ca lcu la tions .
The saturated aqu ife r thickness was assumed to be the to ta l 
thickness o f a l l  sandstones and coal in  the cased in te rva l below water 
le v e l, regardless o f perforated in te rva ls . Assuming tha t the 
saturated in te rva l is  re s tr ic te d  to  the perfo ra tion  in te rv a l,  or tha t 
the saturated in te rva l is  the e n tire  cased in te rv a l, produces less 
phys ica lly  re a l is t ic  re su lts . Assuming the saturated thickness is  
lim ite d  to  perforated in te rva ls  is  wrong because o f the d ire c t hydraulic 
connection along the annulus. Assuming the to ta l saturated thickness 
o f the well to  be the aqu ife r thickness is  also wrong because of the 
s ig n if ic a n t ly  lower permeablities o f fine-gra ined rocks.
Three o f the holes in  the east were exc lus ive ly  in  shale. These 
holes are a l l  less than 200 fe e t deep, w ith the two deepest in  the 
Twentymile Park area (numbers 3, 6, and 8 on Figure 15 and Table 6).
The shale sampled by these w ells is  probably extensively weathered, w ith 
fractu res producing secondary perm eability. For these three holes, the 
thickness used was the e n tire  saturated in te rv a l.
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H ydraulic R elationships
No apparent co rre la tion  ex is ts  between stra tig raphy and hydraulic 
conductiv ity  ( f ig .  15). The primary reasons fo r  th is  are twofold.
F irs t ,  s in g le - in te rva l completions are a l l  in  lower coal-bearing 
members. Second, openhole completions te s t the e n tire  saturated 
s tra tig ra p h ie  in te rv a l, and the re la tionsh ip  is  masked.
The data gathered are in s u ff ic ie n t to  conclude geographical 
loca tion -hyd rau lic  conductiv ity  re la tionsh ips . Hydraulic conductiv ity  
values calculated from slug tes ts  are higher in the west; however, 
western w ells are in  d if fe re n t s tra tig ra p h ie  in te rva ls  than eastern 
w e lls . I t  is  also important th a t va ria tions  in  transm iss iv ity  between 
ind iv idua l eastern wells or between ind iv idua l western wells is  as great 
as va ria tions  between the two well sets. Because o f th e ir  lim ite d  
geographic and s tra tig ra p h ie  extent, pump-test values are not h e lp fu l. 
Lim ited outcrop examination does show a tendency fo r  less cemented 
samples in  the west, p a r t ic u la r ly  in the Hayden Gulch area, which may be 
the reason fo r  the higher tran sm iss iv ity  values in the west. Also, 
clogging o f perfora tions in  w ells by decomposed marine shale material 
may be responsible fo r  low perm eability values in  the eastern wells 
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Relationships between lith o lo g y  or s tra tig rap h ie  in te rva l and 
hydraulic conductiv ity  must be examined in conjunction w ith geographic 
d is tr ib u tio n s . Hydraulic conduc tiv ities  calculated from pump-test 
data show tha t the hydraulic conductiv ity  o f the lower coal-bearing 
member in  the east is  very consistent. A hydraulic conductiv ity  o f 0.3 
fe e t per day appears to be a good value. The s lu g -te s t data are much 
more va riab le ; however, most conductiv ity  values from slug tes ts  are 
well below the 0.3 fo o t per day value. The very high value shown in  
well RB-12 may be due to  loca lized  fra c tu rin g  along the Twentymile Park 
sync!ine axis.
Strong but lim ite d  evidence shows perm eabilities in  Lewis Shale 
in  Twentymile Park is  greater than confined sandstone or coal 
pe rm eab ilities . Three w e lls , two in to  the Lewis Shale and one 
tapping a sandstone, showed th a t the shale has a hydraulic con­
d u c t iv ity  on the order o f one fo o t per day. The sandstone hydraulic 
conductiv ity  was about an order o f magnitude less. Secondary 
fra c tu rin g  from weathering is  the probable cause o f the increased 
perm eability in  the shale. The most important ram ifica tion  is  tha t 
v e r tic a l perm eabilities may be g rea tly  increased in the weathered 
zone, allow ing upward seepage o f confined ground water to  the surface 
ra ther than in to  the lower in te rva ls  o f the Twentymile Park s truc tu ra l 
basin.
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G enetica lly , the Trout Creek and Twentymile sandstones are very 
s im ila r; however, hydraulic conductiv ity  data are too lim ite d  to show 
conclusively any perm eability s im ila r it ie s  or d iffe rences. Hydraulic 
conductiv ity  values fo r  the Trout Creek Sandstone are much higher in 
the west than in  the east. As discussed before, these differences 
re s u lt from secondary processes, includ ing cementation, fra c tu r in g , 
and clogging by fine-gra ined p a rtic le s . Limited data from the west 
show no s ig n if ic a n t d ifferences between Trout Creek and Twentymile 
perm eab ilities . Both have hydraulic conductiv ities  between one and 
ten fe e t per day. The perm eabilities calculated using the Hazen 
formula (tab le  4) are comparable to th is  range.
Only two slug tes ts  were performed on upper member rocks, both in 
the west. Both wells were on ridges; however, the conductiv ity  values 
d i f fe r  by two orders o f magnitude. The middle marine member was also 
tested by two w e lls . The resu lts  seem to show a value o f 1 fo o t per day 
is  reasonable fo r  the sandstones, and a value o f .01 fo o t per day is  
reasonable fo r  the clays and shales.
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H ydraulic Conclusions
The perm eability inform ation is  summarized in  tab le  7. Most o f 
the values are based on lim ite d  data and should be thought o f as 
representative ra ther than absolute. The high degree o f v a r ia b i l i t y  
in hydrologie conditions warrants fu rth e r te s tin g  fo r  any s ite -s p e c if ic  
app lica tions.
Transm issitiv ies west o f Hayden Gulch are generally higher than 
tra n sm iss itiv ie s  in  the east. This is  not a function o f th ickness, 
because well completions varied in  thickness throughout the area 
( f ig .  15). The three most p laus ib le  reasons fo r  the d ifferences are 
va ria tio n  in  fra c tu r in g , diagenesis, and lith o lo g y . L ithology is  the 
most important o f the three. The area east o f Hayden Gulch contains 
more marine shales. The average grain size fo r  the integrated lith o lo g y  
sampled would be lower in  the east and the resu lting  perm eability should 
be lower. Also, the holes in the east would de te rio ra te  more ra p id ly . 
The marine shales weather fa s te r than the sandstones, producing a very 
f in e  residue capable o f clogging perfo ra tions. Eastern w ells contain 
fa r  more shale, so would be expected to  clog more qu ick ly . Fracturing 
and diagenesis are present and may cause local va ria tions  in 
perm eability . These processes do not d i f fe r  system atica lly from east to 
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The only true  surprise in  the resu lts  is  the high perm eability 
o f the Lewis Shale in  the Twentymile Park area. The higher 
perm eability probably re su lts  from the weathering o f the shale. No 
inform ation was ava ilab le  on how deep the weathering goes or the 
perm eability o f the unaltered, unfractured shale.
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GROUND-WATER FLOW
Ground-water flow  paths in the area were determined using a contour 
map o f water-level e levations ( f ig .  16). Information fo r  th is  map was 
from d ire c t measurements o f depth-to-water in  1980 in open-hole 
completed monitoring holes, and from water-level elevations measured at 
the approximate time o f d r i l l in g  and shown on the logs o f uncased 
resource evaluation holes d r i l le d  and abandoned during 1977 -  1978. 
Seasonal flu c tu a tio n s  o f th is  potentiom etric surface should be below the 
reso lu tion  o f the 200 fo o t contour in te rv a l. The fo llow ing  paragraphs 
summarize the flow  paths o f groundwater throughout the study area.
West o f Hayden Gulch, the contours represent a potentiom etric 
surface fo r  ground water tha t is  e ith e r under water-tab le  conditions in 
an aqu ife r or has recently become confined. The contours fo llow  the 
topography and groundwater d ivides represented by th is  potentiom etric 
surface concide w ith the surface water divides defined by the 
topography.
East o f Hayden Gulch, the s itu a tio n  is  s l ig h t ly  d if fe re n t. Over a 
large portion  o f th is  area, hydrologie conditions are s im ila r to  those 
in  the west; the potentiom etric surface represents groundwater in  
bedrock aquifers under water tab le  as recently confined conditions. In 
the area o f Twentymile Park, the aquifers e x is t in  a flow ing artesian
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sta te . There is  a strong v e rtic a l component o f flow  (po ten tia l flow  to 
the surface from confined aqu ife rs) in  the Twentymile Park area tha t is  
not present in  the other portions o f the area.
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Ground-Water Flow in  the Western Area
Ground-water flow  west o f Hayden Gulch is  affected by loca l and 
regional gradients. Ground water flows out o f the area in a ll 
d ire c tio n s . Figures 17a and 17b are schematic diagrams o f regional flow 
paths in  the west.
Southwestward-flowing ground waters move down the cuesta back- 
slope toward the Williams Fork River ( f ig .  17a). Flow is  against 
s tru c tu ra l dip and oblique to the s tr ik e  o f the aqu ife rs , so po ten tia l 
bedrock aqu ife r recharge is  m inimal. No inform ation is  ava ilab le  in  the 
southwestern W illiams Fork Mountains area; however, i t  is  l ik e ly  tha t 
the potentiom etric surface in te rsec ts  the steep topographic surface 
north o f the W illiams Fork R iver. Flow paths fo r  southwestward-flowing 
ground water should be short, w ith ground water discharged a t the 
springs found in  th is  area or in to  the Williams Fork River.
Southeastward-flowing water resu lts  from the deep cu ttin g  action o f 
Hayden Gulch. Headwaters o f Hayden Gulch incised much fu rth e r in to  the 
W illiams Fork Mountains than other southwest flow ing g u ll ie s , resu lting  
in  the surrounding ground water flow ing eastward to  southeastward toward 
Hayden Gulch. The area th is  occurs in  is  qu ite  sm all, w ith the ground­
water d iv ide  along the ridge between Dunstan and Wise gulches (Sections 








Sand Wash Basin n
Twsntymile Park
Figure 17.—Discharge In the study area. The scale In the lower 
right-hand corner of each picture Is a relative scale 
to show the size relationship between the four drawings.
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The m a jo rity  o f ground water from the western area flows toward the 
northeast, p a ra lle l to the regional potentiom etric surface gradient.
The water can e ith e r discharge lo c a lly  a t the surface or flow  out o f the 
study area beneath the Lewis Shale toward the center o f the Sand Wash 
basin ( f ig .  17b). The u ltim ate  flow  path is  not known. The percentage 
th a t is  discharging lo c a lly  versus the percentage flow ing in to  the Sand 
Wash basin in  bedrock aquifers is  unknown.
Ground-Water Flow in the Eastern Area
Ground water east o f Hayden Gulch can fo llow  one o f three flow
paths:
1) I t  can discharge a t the surface.
2) I t  can flow  toward the center o f the small s truc tu ra l basin
beneath Twentymile Park.
3) I t  can flow  out o f the area toward the center o f the regional 
Sand Wash basin.
The f i r s t  case is  found in  the Trout Creek Sandstone and Williams 
Fork Formation outcrop area where the potentiom etric surface in tersects  
the land surface. P a rticu la r areas would be deeply incised stream 
va lleys . In one area (Secl9, T5N, R87W), bedrock monitor holes 60 fee t 
deep encountered groundwater under flow ing artesian conditions.
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The area o f the second flow  path can be approximately defined by 
surface-water drainage systems. The surface areas draining to Fish 
Creek in Twentymile Park, Foi del Creek, and w ith in  the area to  Middle 
and Trout Creeks a l l  o ve rlie  ground water in th is  flow  path. Ground 
water in  the bedrock aquifers in  th is  area flows toward the center o f 
the small s truc tu ra l basin beneath Twentymile Park ( f ig .  17c). Lewis 
Shale in Twentymile Park forms a confin ing laye r. Flowing artesian 
conditions in  bedrock wells in  the Twentymile Park area ind icate  a 
po ten tia l ground water flow  path v e r t ic a l ly  upward through the Lewis 
Shale. This type o f flow  path could not be v e r if ie d  by data used in 
th is  study.
The th ird  flow  path is  on northward- and eastward-facing h i l ls  
formed by the Fish Creek a n t ic lin e , the western-facing h i l ls  formed by 
the Tow Creek a n tic lin e , and the leve l area around Grassy Gap. Regional 
flow  in  th is  area is  north toward the Sand Wash basin and is  s im ila r in 
nature to  flow  in  the west. The loca tion  o f the ground-water d iv ide in 
the Twentymile Park area between flow  toward the center o f Twentymile 
Park and flow  in to  the regional Sand Wash basin is  not exactly 
established, but is  believed to  be in  the eastern one-half o f Sections 
23 and 26, T.5N, R.87W).
Two major fau lted  areas are found, around Eckman Park and on the 
west side o f the Tow Creek a n tic lin e . Faults in  the Tow Creek a n t i­
c lin e  area are s lig h t ly  oblique to  the topography and projected ground­
water flow  paths. These fa u lts  would d e flec t flow  from west to  more o f
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a northwest route. Even i f  the fa u lts  form impermeable boundaries, i t  
is  doubtful they serve as major barricades to  ground-water flow  because 
they trend subparalle l to  the natural flow . Faults in  the extreme 
southwest part o f Eckman Park may d e fle c t ground water in  a northwest 
manner toward Grassy Gap. This may re s u lt in  a la rger area ending up in 
the regional flow  gradient toward the Sand Wash basin center ra ther than 
to the Twentymile Park area. The v a lid ity  o f th is  speculation and i ts  
impact are unknown. These fa u lts  and the remaining fa u lts  in  the area 
could compartmentalize flow  in Eckman Park and lengthen the flow  paths, 
both important considerations in  accurate ground-water modeling.
To summarize, the water-level data co llected was useful in  defin ing 
regional flow  paths. West o f Hayden Gulch, the bedrock ground-water is  
in  a regional ground-water recharge area, w ith the d ire c tion  o f ground 
water in  bedrock aquifers northeast toward the center o f the regional 
Sand Wash basin. East o f Hayden Gluch, bedrock ground water can flow  
north to  recharge the Sand Wash basin, or in te rn a lly  toward the center 
o f the s tru c tu ra l basin beneath Twentymile Park. Ground water flow ing 
in to  the Twentymile Park area may trave l v e r t ic a l ly  upward through the 
confin ing Lewis shale aqueduct and emerge as base flow , but th is  was not 
d ire c t ly  determined.
The exact amount o f ground water reaching the bedrock aquifers was 
not d ire c t ly  determined. Some o f the ground water does discharge in 
areas w ith high topographic gradients; however, a substantia l amount 
should in f i l t r a te  to  the bedrock aquifers throughout the area.
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GROUND-WATER GEOCHEMISTRY
At leas t one water sample was co llected and analyzed fo r  water 
chemistry inform ation a t a l l  U.S. Geological Survey observation wells in 
the study area. Approximately h a lf o f the samples were co llected during 
and a fte r  the summer o f 1980 by methods described in  appendix 2. The 
remaining samples were co llected e a r l ie r  on various U.S. Geological 
Survey p ro jec ts . For a l l  samples, pH was measured in  the f ie ld  a t the 
time o f c o lle c tio n , lessening pH time-dependency problems. Temperature 
and sp e c ific  conductiv ity  were also measured in  the f ie ld .  A ll samples 
were analyzed a t a U.S. Geological Survey ana ly tica l lab in  Denver, 
Colorado according to  procedures published by Skougstad and others, 
(1979).
An add itiona l one-time sampling program was conducted in  1977 on 
a l l  domestic wells and springs in  the area which could be located and 
sampled. The lack o f background well data and probable completions o f 
these w ells  in to  the alluvium  lim ite d  the usefulness o f these data. The 
domestic data were not included in  any s ta t is t ic a l or graphical 
analyses.
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Dominant Water Types and D is tribu tio ns
Geochemical inform ation was f i r s t  examined fo r  existence of 
re la tionsh ips between primary constituents. Two c la s s if ic a tio n  schemes 
were used. The f i r s t  involved the use o f graphical inform ation and 
geographical re la tionsh ips to  define areas o f geochemical s im ila r ity .
The second technique involved the use o f a computer to perform c lu s te r 
ana lys is , a s ta t is t ic a l c la s s if ic a tio n  technique. The graphical 
technique is  discussed; resu lts  from c lus te ring  were not usable.
The purpose o f the graphical c la s s if ic a tio n  scheme was to  re la te  
primary dissolved constituents to  geologic parameters, mainly 
lith o lo g y . The c la s s if ic a tio n  scheme producing the best resu lts  used 
Piper t r i l in e a r  diagrams w ith constituent concentrations converted to 
percentage reacting values ( f ig .  18). Cations are represented by 
calcium, magnesium, and sodium plus potassium on apices o f a t r i l in e a r  
cation diagram. Likewise, bicarbonate plus carbonate, s u lfa te , and 
ch lo ride  are used on the apices o f a t r i l in e a r  anion diagram. The 
c la s s if ic a tio n  scheme can be used co rre c tly  i f  a l l  other ions are minor 
constituents and no s ig n if ic a n t complexing occurs. The diagram produced 
shows predominate ions in  the water samples.
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The Piper t r i l in e a r  diagram indicates tha t ground water in  the 
study area can be broken in to  three groups. Group one water is  
characterized by calcium plus magnesium exceeding 70 percent. E ither 
su lfa te  or bicarbonate can be the predominant anion. Group two waters 
contain greater than 75 percent sodium plus potassium w ith su lfa te  and 
bicarbonate. T ransitiona l waters contain nearly equal amounts of 
reacting sodium, calcium, and magnesium cations w ith both su lfa te  and 
bicarbonate. There are few tra n s it io n a l samples.
The diamond p lo t o f the Piper diagram shows tha t the anion 
d is tr ib u tio n s  are s lig h t ly  d if fe re n t fo r  the group one and group 
two waters. The anion d is tr ib u t io n  fo r  the group one wells is  evenly 
d is tr ib u te d  between 10 and 75 percent su lfa te , w ith  a median o f about 
40 percent. The anion d is tr ib u t io n  fo r  the group two w ells  is  
concentrated between 0 and 45 percent su lfa te  w ith o u tlie rs  at 
75 percent s u lfa te , the median value fo r  the group two anions is  
about 20 percent su lfa te . Two w ells (BR9, BRIO) completed in  the Lewis 
Shale in  Twentymile Park had reacting ch loride greater than 10 percent. 
The differences between the anions o f the two water types is  not as 
d is t in c t  as the cation d iffe rences, but there is  a trend toward 
carbonate-bicarbonate domination in  the group two waters.
The geographical d is tr ib u t io n  o f the group one and group two 
waters explains the re la tionsh ip  o f the two populations. The two groups 
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containing group one waters are west o f the syncline. Most group two 
waters are east o f the limb. The two group two wells west o f the 
synch!ine are open to large in te rva ls  o f Lewis Shale. This 
d is tr ib u t io n  f i t s  p a rt ic u la r ly  well w ith the 1itho log ies  and proposed 
ground-water flow  regimes discussed in  previous sections. The group one 
waters in  the west flow  through a sandy section and discharge at 
the surface or flow  beneath the Lewis Shale northward toward the Sand 
Wash basin. The group two waters are in  the eastern area o f dominant 
marine rocks o f a lower perm eability contained w ith in  a small basin.
A small neck through Grassy Gap connects the two ground-water systems.
The tra n s it io n a l samples came from w ells in  unique, but 
expla inable, hydrologie s itu a tio n s . One tra n s it io n a l w e ll, BR-4, is  in 
Eckman Park in  the area o f the ground-water d iv ide  between ground water 
flow ing northeast, toward the center o f the Twentymile Park syncline, 
and ground water flow ing northwest out o f the area along the axis o f the 
Hayden syncline. Wells to  the east o f BR-4 p lo t p r im a rily  as group two 
waters, while wells to  the west are c la s s ifie d  as group one. Well OC-3, 
a con tinua lly  pumped domestic w e ll, contains tra n s itio n a l waters 
produced by mixing waters from abundant, but t ig h t  marine shales w ith 
waters from the more transmissive sandstones and coals. FM-5 well has 
unknown a llu v ia l con tribu tions . Hay-7 is  an open hole monitoring hole 
completed in  both the upper member and the Lewis Shale.
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Water Composition
Separate un iva ria te  s ta t is t ic a l analysis o f group one and group 
two data was carried out to  te s t fo r  s ign ificance o f the p a rtit io n in g  
scheme and to provide a qu a n tita tive  summary o f a l l  geochemical 
parameters determined during laboratory analysis. The tra n s it io n a l 
water samples were not included; they represented conditions not 
found in  the m a jo rity  o f waters. The resu lting  inform ation was used 
fo r  tes ts  o f equivalence o f variance and means between parameters of 
the two groups.
The W te s t fo r  norm ality (Shapiro and W ilk, 1965) used by the SAS 
s ta t is t ic a l package (SAS In s t itu te ,  1979) provided inform ation on how 
c lose ly  a population approximates a normal p ro b a b ility  d is tr ib u t io n . 
Normality tests were run on both raw data and data transformed to  i t s  
natural logarithm , ca lled log-transformed data. The W te s t fo r  
norm ality showed th a t a l l  the major constituents except s i l ic a  more 
c lose ly  resembled a normal d is tr ib u t io n  when the data were log 
transformed (tab le  8 ). Because o f the closer approximation, 
log-transformed data fo r  a l l  constituents except s i l ic a  were used in  the 
fo llow ing  F and t  te s ts . Absolute norm ality was not c r i t i c a l , and the 
p ro b a b ility  d is tr ib u tio n s  approximated norm ality c lose ly enough fo r  
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Tests on equivalency o f means compare the mean o f a group one 
parameter w ith the mean o f the same group two parameter. A requirement 
o f th is  te s t is  tha t the variances, a measure o f spread, should be 
equal. For th is  reason, F tes ts  on s im ila r ity  o f variance between 
s im ila r parameters fo r  the two water types preceded the tests on 
s im ila r ity  o f means.
In most cases, no s ig n if ic a n t d iffe rence was found between the 
variances o f the same parameters fo r  both groups. Sodium, potassium, 
and pH had s ig n if ic a n t ly  d if fe re n t variances, but F values were small 
enough tha t equivalence was approximated. Sulfate had an F ra tio  
greater than fo u r; the re fo re , t  te s t resu lts  fo r  su lfa te  should be 
viewed w ith suspicion. Of the remaining constituents , only f lo u r in e , 
iro n , and manganese had d if fe r in g  variances (tab le  8).
Information provided by the t  tests on equivalence o f means o f 
the two groups is  fu rth e r evidence o f two d is t in c t  water populations. 
S ig n ifica n t d ifferences e x is t between calcium, magnesium, and sodium. 
This was the expected re s u lt because o f d ifferences in  reacting 
values previously shown on the Piper diagram. There was also a 
d iffe rence  in  potassium values; however, means fo r  potassium fo r  both 
groups are an order o f magnitude less than fo r  calcium, magnesium.
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A d iffe rence also existed between means o f the two p rinc ipa l 
anions, su lfa te  and the carbonate-bicarbonate system expressed as to ta l 
a lk a l in i ty ,  although differences were not as c lear (tab le  8 ). The group 
one waters do contain more s u lfa te , while the group two waters have a 
higher to ta l a lk a lin ity .  This po in t may prove important while examining 
anion data. The means fo r  pH also d iffe re d , and s ilic o n  had s ig n if ic a n t 
d iffe rences.
The means o f minor and trace elements were la rge ly  s im ila r; how­
ever, iro n , manganese, f lo u r id e , and molybdenum had s ig n if ic a n t 
d iffe rences.
The s ta t is t ic a l data quan tified  the differences shown g raph ica lly  
by the Piper p lo t. Since resu lts  show the two groups are nearly 
independent, they must be viewed as separate populations when looking 
at po ten tia l ground water q u a lity  problems.
Ind iv idua l Components
One o f the primary goals o f th is  study was to  determine 
concentration leve ls fo r  chemical components to see i f  they exceed 
published standards. The best way to  approach the problem is  to 
examine calculated means and 95-percent confidence in te rva ls  fo r  
ind iv idua l components in  each o f the two groups.
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Calcium
Calcium concentrations are high in group one waters and low in 
group two waters. Means fo r  the two groups are 140 and 7.6 m illigram s 
per l i t e r  respective ly . The most common sources o f calcium are 
weathering o f feldspars and carbonate rocks (Hem, 1970). Depositional 
cha ra c te ris tics  o f the area would seem to favor a carbonate rock source. 
Thin limey shales could provide the necessary calcium. These shales 
are described in  geological logs throughout the area, but are generally 
th in  and do not co rre la te  w e ll. The actual amount of carbonate rock and 
i t s  a b i l i t y  to  supply the necessary calcium was not determined.
Two group one wells had samples w ith concentrations above the 
recommended drink ing  l im i t  (tab le  9 ); however, the 95-percent confidence 
in te rva l values o f calcium fo r  both groups had leve ls well below the 
recommended standard (tab le  9). Confidence in te rva ls  are used along 
w ith  mean values because they give a good idea o f the spread of 
concentrations expected. On the whole, i t  appears th a t natural calcium 
concentrations throughout the area should be well below any published 
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Magnesium concentrations are higher in group one waters; however, 
means and confidence in te rva ls  fo r  both groups are well below 
concentrations to  meet drink ing water standards. Magnesium may exceed 
recommended leve ls in  loca lized portions o f the area. Mean values fo r  
group one and group two waters are 45 and 2.1 m illigram s per l i t e r  
respective ly . Six w e lls , a l l  in  group one, had water samples exceeding 
the drink ing water standard (tab le  9 ). The same two wells exceeding 
standards fo r  calcium also exceeded magnesium standards.
The most probable source o f magnesium cations in the area would 
be d isso lu tion  o f do lom itic  limestones. These could be from th in  
a lte red limestones and limey shales found in  the fin e  grained rocks.
Hardness
The a b i l i t y  o f a water to reduce sudsing and form scale in  hot 
waters is  measured by the parameter hardness. Hardness is  caused 
p rim a rily  by calcium and magnesium (Hem, 1970) and is  expressed as 
m illigram s per l i t e r  CaCOy
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The d if fe r in g  cation d is tr ib u tio n s  in  the two groups are 
re flec ted  in  the hardness means (tab le  9). Group two waters, w ith 
a mean hardness o f 73 m illigram s per l i t e r  CaCO ,̂ are c la s s ifie d  as 
s o ft in  a c la s s if ic a tio n  used by the ERA (1976). Group one waters, 
w ith  a mean o f 960 m illigram s per l i t e r ,  are extremely hard waters 
tha t present problems. Commercial softening w i l l  be needed fo r  
domestic use o f group one waters to  avoid scaling problems. No 
published health standards are ava ilab le  fo r  hardness.
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Sodium
Very high leve ls o f sodium are found in group two waters. The 
mean o f a l l  group two samples, 290 m illigram s per l i t e r ,  exceeds the 
recommended maximum concentration by 90 m illigram s (tab le  9). Group 
one waters had mean sodium concentrations and 95-percent confidence 
in te rva ls  well below standards. High sodium concentrations are 
dangerous to  persons on re s tr ic te d  sodium d ie ts . High sodium 
concentrations also have a negative influence on the perm eability o f 
so ils  when the water is  applied to  the land, as fo r  ir r ig a t io n .
The primary source o f sodium in  the area is  the exchange s ites  
o f marine shales. Cation exchange o f dissolved calcium and magnesium 
w ith sodium is  a primary geochemical mechanism in the marine shale 
sequences.
Sodium Adsorption Ratio
The sodium adsorption ra tio  (SAR) is  the ra tio  between monovalent 
sodium and d iva len t calcium and magnesium in  the so ils  and co llo id a l 
m aterial (Davis and Dewiest, 1966).
SAR = (Na 1
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High SAR produces Impermeable s o ils  w ith  s tic ky  clays. Sodium 
adsorption ra tio s  fo r  group two w ells suggest th a t th is  water w i l l  
produce problems i f  used fo r  ir r ig a t io n  (tab le  9 ); however, hydraulic 
constra in ts  make ground-water supplied ir r ig a t io n  im practical in  the 
study area.
Potassium
Potassium occurs a t minor but measurable concentrations in  the 
water. The means o f 5.5 and 2.9 fo r  the respective groups f a l l  inside 
natural leve ls (Davis and DeWiest, 1965).
Anions
Of the three common anions, s u lfa te , bicarbonate, and ch lo ride , 
only su lfa te  and bicarbonate need be considered. Chloride 
concentrations are small enough to  be n e g lig ib le , and the pH o f water 
in  the area is  too low to  a llow  s ig n if ic a n t amounts o f carbonate or 
hydroxyl rad ica ls  to  form.
Mean values o f bicarbonate fo r  both sample groups e ith e r come 
close to  o r exceed recommended l im its  fo r  bicarbonate (tab le  9 ); 
the re fo re , high bicarbonate concentrations can be expected throughout 
the area. For many samples, bicarbonate concentrations were calculated 
from reported a lk a l in ity  values. A lk a l in ity ,  a measure o f the amount
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o f a standard acid needed to  t i t r a te  a so lu tion  to  a pH o f 4 .5 , is  
usually  a d ire c t measure o f the bicarbonate anions ava ilab le  (Hem,
1976). Values o f pH fo r  th is  study are too low to  expect con­
tr ib u tio n s  to  a lk a l in ity  from other sources.
Sulfate concentrations are high in  group one waters. The upper 
portion  o f the 95-percent confidence in te rva l o f group one waters 
l ie s  above the recommended l im i t ,  implying high su lfa te  values may 
be common. Su lfa te  values fo r  group two w ells are well below maximum 
l im its  (tab le  9 ). Many more bicarbonate-dominated samples are present. 
Most o f the w ells  th a t cons is ten tly  had sulfate-dominated samples were 
from s in g le - in te rva l w ells completed in  coal seams. An exception was 
well BR-5, a flow ing well w ith  higher than average tra nsm iss iv ity .
This well does penetrate the Wadge coal seam, and the waters may be from 
th is  seam.
Anions, p a r t ic u la r ly  bicarbonate, are sens itive  to  surface 
re la ted  processes. The ion d is tr ib u tio n s  are c la r if ie d  by looking 
a t the re la tionsh ip  between two anions.
The re la tion sh ip  is  between the two anion concentrations in 
ind iv idua l water samples ( f ig .  20). A lk a l in ity  was p lo tted  because 
recent changes in  U.S. Geological Survey laboratory procedures do not 
a llow  reporting o f carbonate or bicarbonate values; only to ta l 















Total Alkalinity Cmg/I as CaC03)
Figure 20.—Plot of sulfate versus total alkalinity for group one 
and group two waters.
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The two d is t in c t  c lus te rs  o f high su lfa te  and high a lk a l in ity  
waters p lo t in  separate areas on the graph. The high su lfa te  waters 
re s u lt from m u ltip le  samples from fou r w ells tapping e ith e r a coal 
aqu ife r or an a llu v ia l aqu ife r which has not been properly sealed from 
the w e ll. Waters from both group one and group two are in  the high 
su lfa te  category.
The a lka lin ity-dom inated samples have much smaller su lfa te  
concentrations fo r  s im ila r  a lk a l in i ty  concentrations than waters from 
the above w ells ( f ig .  20). These samples are from monitor holes 
completed fo r  s ing le  in te rva ls  in  overburden or underburden m a te ria l, or 
open-hole completions accessing a v a rie ty  o f m ateria ls and depths. Most 
o f the samples are under 600 m illigram s per l i t e r  to ta l a lk a l in ity  and 
300 m illigram s per l i t e r  su lfa te . Most group one, group two, and 
tra n s it io n a l water samples are a lk a l in ity  dominated.
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pH
The mean f ie ld  pH values o f the two groups d iffe re d  by a f u l l  pH 
u n it (tab le  9, p. 111). Four o f the w e lls , two group one and two 
group two, contained waters above the maximum pH value o f n ine, the 
published standard fo r  domestic water supplies. Three o f the w e lls , two 
group one and a tra n s it io n a l,  contain waters w ith  a pH below the 
published standard o f 6.5 fo r  aquatic l i f e .  A ll samples have pH values 
above the published drink ing  water standard o f 5 (ERA, 1976).
The high pH o f the group two wells is  re la ted  to the greater 
concentrations o f reacting bicarbonate in  these waters. The higher 
amounts o f bicarbonate, an in d ire c t re s u lt o f ion exchange, are balanced 
by lowering the hydrogen ion concentration, ra is ing  the pH. The 
group one waters have less bicarbonate, and the pH is  lower.
Specific  Conductance and Total Dissolved Solids
Total dissolved so lids is  the amount o f so lid  m aterial dissolved in  
an aqueous sample. S pecific  conductance is  a measure o f the current- 
carry ing a b i l i t y  o f an aqueous so lu tio n . The two are considered 
together because the conductance o f a liq u id  is  d ire c t ly  proportional 
to  the to ta l dissolved s o lid s . I t  is  important to  see i f  the eas ily  
measured sp e c ific  conductance value can be used as a p red ic to r fo r  to ta l 
dissolved so lids concentrations.
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Group one and two means were very s im ila r fo r  both to ta l dissolved 
so lids and sp e c ific  conductance, about 840 m illigram s per l i t e r  and 
1,350 mhos, respective ly . The p lo t o f sp e c ific  conductance versus to ta l 
dissolved so lids shows a very good lin e a r re la tionsh ip  ( f ig .  21). 
S ta t is t ic a l examination o f the data showed no s ig n if ic a n t d iffe rence 
between slopes fo r  the group one, group two, and even tra n s itio n a l 
w e lls . The co rre la tion  c o e ffic ie n t was 0.93, and the average e rro r of 
real to calculated values was 8.5 percent. Within the range of actual 
sampled values, spe c ific  conductance is  a good p red ic to r o f to ta l 
dissolved so lid s , using the regression equation.
TDS (mg/L) = .636 SC (vmhos) + 8.26. 
where TDS = Total Dissolved Solids 
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The mean values o f to ta l dissolved so lids  fo r  both groups (950 and 
740 mg/L, re spe c tive ly ), exceed the published standards fo r  drink ing 
water and sens itive  crops (ERA, 1976). Both waters appear safe fo r  




S ilic a  is  not present in  io n ic  form, but ra ther as s i l i c i c  acid 
H ^ S i ( H e m ,  1970) o r as a c o llo id . S ilic a  data fo r  both groups 
more c lose ly  approximated a normal p ro b a b ility  d is tr ib u tio n  in  a raw 
s ta te  than the usual log transformed s ta te . There is  also a s ig n if ic a n t 
d iffe rence  in  s i l ic a  concentrations between group one and group two 
waters (tab le  9, p. I l l ) ,  w ith  concentrations higher in  group one 
waters. No published drink ing  water standards e x is t fo r  s i l ic a ,  and 
the mean s i l ic a  values fo r  both waters are below the 50 mg/1 lim its  fo r  
general household use and food processing (Davis and DeWiest, 1966).
Nitrogen and Phosphorous
Nitrogen is  reported in  th is  report as dissolved n i t r i t e  plus 
n itra te . Phosphorous is  reported as elemental phosphorous; however, 
most phosphorous in  the water is  t ie d  up as anionic phosphate complex 
(Hem, 1970). Concentrations fo r  both are on the low end o f n a tu ra lly  
occurring ground-water values (Davis and DeWiest, 1966).
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Metals and Minor Constituents
Of the 15 metals and minor constituents analyzed by the labora to ry, 
seven had maximum values or means exceeding published standards 
(tab le  9, p. 111). The seven include boron, cadmium, f lo u r id e , iro n , 
manganese, and mercury. The group one concentration o f manganese is  
p a r t ic u la r ly  h igh, w ith  the mean value exceeding published drinking 
waters standards (ERA, 1976). The mean fo r  mercury in  group two waters 
exceeded l im its  fo r  aquatic l i f e  and w i ld l i f e ,  but no sample exceeded 
drink ing  water l im its .  The published standards fo r  the remaining 
parameters were exceeded a t only a few w e lls .
Geochemical Controls on Primary Constituents
There are a lim ite d  number o f geochemical processes responsible 
fo r  the concentrations o f the primary ions calcium, magnesium, sodium, 
s u lfa te , and bicarbonate. These processes contro l concentrations in 
both group one and group two waters. In th is  section , the important 
geochemical processes are discussed and integrated to  produce a general 
working geochemical model fo r  major chemical components in  the ground 
water in  the area. Following the model discussion, evidence fo r  the 
model w i l l  be presented.
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C ontrols on Cations
Three ca tions, calcium, magnesium, and sodium, e x is t in  s ig n if ic a n t 
amounts in  the area. Hydrogen and potassium ions occur in  con­
centra tions small enough to  disregard. Two geochemical processes, 
carbonate d isso lu tion  and io n ic  exchange, control cation d is tr ib u tio n s .
The f i r s t  geochemical process, carbonate d isso lu tio n , occurs in 
both group one and group two waters. This system is  dependent upon both 
lith o lo g y  and surface. D issolution o f c a lc ite  and dolomite a t low temp­
eratures provides calcium and magnesium cations to  the aqueous system 
(Krauskopf, 1979):
CaC031 Ca++ + C0*3
( 2 )
CaMg(C03)2 ÎCa'H" + Mg** + 2C0]? (3)
_ p
The COg ion is  very unstable and may take on one or two add itiona l 
hydrogen ions:
co32+ h+ ; hco3 (4)
hco3 + h* ; h2co3
(not Important a t a pH above 8) (5)
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Thin, discontinuous limey shales and limestones in  the fin e  grained 
rocks provide calcium and magnesium. Carbon dioxide gas a c tua lly  
contro ls the reaction . As more carbon dioxide gas becomes ava ilab le  
because o f increased p a rt ia l pressures in the so ils  (Hem, 1970), more 
carbonic acid becomes ava ilab le  to  react w ith the carbonates.
The only other reaction th a t could s ig n if ic a n t ly  contribute  to  the 
d isso lu tion  o f limestone is  oxidation o f p y r ite , a reaction th a t provides 
s u lfu r ic  acid. This reaction does re su lt in  some d isso lu tio n ; however, 
the amount dissolved is  thought to  be minor when compared to  amounts 
dissolved by carbonic acid.
The second important cation process predominates in  the areas 
containing marine shales, generally the location  o f the group two 
waters. The mechanism is  an exchange o f calcium and magnesium ions in 
aqueous so lu tion  w ith  sodium ions on the clay minerals o f the sodium- 
r ich  marine shales. The general equation fo r  monovalent-divalent cation
exchange is  (Garrels and C h ris t, 1965):
A2 X2 + B++ $ BX2 + 2A+ (6)
In th is  case, A is  symbolic fo r  sodium and B is  symbolic fo r  calcium and
magnesium. More and more sodium is  replaced a t the exchange s ites  u n t il
a l l  exchange s ites  are f i l l e d  w ith d iva len t ca tions, estab lish ing 
equ ilib rium .
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Controls on Anions
For the geochemical systems in  the area, the primary anions are
su lfa te  and bicarbonate. The pH o f the waters is  too low fo r  formation
o f s ig n if ic a n t amounts o f carbonate anions and hydroxyl rad ica ls .
B icarbonate-contro lling  processes are the most important geo­
chemical processes in  the area. In the aqueous system, a ce rta in  amount
o f carbon dioxide gas combines w ith  water to  form carbonic acid:
The carbonic acid then dissociates to  produce the hydrogen ion plus 
bicarbonate:
The hydrogen ion produced by th is  reaction can then dissolve the limestones 
in to  io n ic  components:
(7)
H2C03 ÎH + + HCO" (8)
CaC03 + H+ ÎC a ++ + HCOj or (9)
(Ca, Mg)(C03)2 + 4H+ÎC a ++ + Mg++ + 2) HgCOg ( 10)
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The production o f carbonic acid is  con tro lled  by the a v a ila b il i ty  o f COg 
gas (reaction 7). In s o ils ,  p a rt ia l pressures o f COg gas can be 10 to 
100 times the atmospheric le v e l,  allowing fo r  the production o f high 
bicarbonate concentrations (Hem, 1970).
Sulfa te anions come from two sources, concentration near the 
surface o f unleached ions and oxidation o f su lfid e s . Reaction rates fo r  
s u lfu r  systems are often slow, re su lting  in  nonequilibrium forms o f 
s u lfu r  being present (Hem, 1970). For th is  reason, two forms o f s u lfu r , 
s u lfid e  ions and hydrogen s u lfid e  gas, can be present in  the same 
sample.
One source o f s u lfu r  is  the weathered zone. In a semi-arid 
c lim ate , p re c ip ita tio n  is  in s u ff ic ie n t to  leach a l l  weathered m aterials 
out o f the s o il zone. In areas o f fine-gra ined rocks, su lfa te  produced 
by weathering and occurring in  ra in  or snow exceeds su lfa te  removed by 
overland runo ff and subsurface flo w , allow ing higher concentrations o f 
su lfa te  to  form (Hem, 1970). This process may explain the high su lfa te  
values associated w ith  w ells  having a llu v ia l aqu ife r con tribu tions .
These su lfa te  ions are ava ilab le  during periods o f recharge.
The second source is  reduced s u lfu r  found in  the bedrock organic 
shales and coals. Reducing depositional conditions fo r  these rocks 
resulted in  formation o f s u lf id e s , primary p y r ite  and marcasite. As 
these beds are exposed to  ox id iz ing  waters, s u lfu r  is  oxidized from a
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minus two to a plus six oxidation state. The sulfur combines with four 
divalent oxygen atoms to produce the sulfate ion. Pyritic materials are 
very common in drill samples from the area, and high concentrations of 
sulfate in single interval coal completions point to the coals as a 
definite source of sulfur.
Evidence for Controlling Geochemical Reactions
All the physical and chemical information presented in this report 
supports the above controlling geochemical mechanisms. This evidence 
will be briefly reviewed. In addition, thermodynamic evidence from 
computer analysis also supplies supporting evidence and will be 
discussed.
Physical Evidence
The geographical and geological relationships presented in this 
paper support the ion exchange mechanism. Group two waters are found in 
the east and are often associated with marine shale, the source of 
sodium in the ion exchange process. In the areas where no marine shales 
are present, cal ci um-magnesi urn waters predominate. The fact that all
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surface-water samples were higher in reacting calcium and magnesium than 
in sodium indicates meteoric recharge water just entering confined 
conditions resembles group one waters. Ground water base flow may mix 
with the surface waters and change the water chemistry slightly; 
however, the trend of high calcium and magnesium and low sodium in 
surface waters is represented in surface-water samples regardless of 
lithology and indicates a strong surface linked process.
The hydraulic data, in particular the water-level and ground-water 
flow data, also support the ion exchange process. Group one waters are 
found in the western area on flow paths that do not pass near marine 
shales. The group two waters in the eastern area are found in a 
restricted flow area around marine shales. There is no chance for high 
calcium magnesium buildups in this area because waters begin to react 
immediately with the marine shales to produce group two 
waters.
Statistical Evidence
The statistical data support the basic controlling geochemical 
reactions proposed for the area. First of a l l , i t  gives quantitative 
support to the two-water population idea set forth previously. 
Significant differences exist between the two waters. The differences 
exist in principal cations and minor constituents, such as silica and
ER-2545 130
iron. In addition, the statistical evidence on approximation of normal 
probability distributions for constituents implies that the two groups 
of waters are natural populations independent of each other.
Thermodynamic Evidence
Thermodynamic data on activities, activity coefficients, and Gibbs 
free energy values provide strong evidence supporting ionic exchange of 
cations in carbon dioxide controlled system. The critical assumptions 
for use of thermodynamic data include a dilute reversible system in a 
state of stable equilibrium. The slow motion of ground water through 
the aquifers may produce chemically stable waters at or very near 
equilibrium. Unfortunately, reaction rates for chemical systems cannot 
be predicted by any of the thermodynamic parameters studied. It  is 
common to find chemical systems in a state of oversaturation with no 
evidence of precipitation, a condition resulting from very low reaction 
rates.
All ground-water geochemical samples collected in the area by U.S. 
Geological Survey personnel and stored on the WATSTORE data base were 
processed through the program SOLMEQ (Kharaka and Barnes, 1973). The 
program calculates the equilibrium aqueous concentrations for a given 
set of geochemical and field parameters, calculates an activity 
coefficient for each species and also outputs Gibbs free energy 
information on the important mineral reactions in an aqueous solution. 
Only the activity coefficient information was used in this study.
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John Turk, a geochemist with the U.S. Geological Survey, presents 
the following two lines of evidence in an unpublished manuscript to 
support the ion exchange model in all coal fields throughout Colorado. 
The system is a calcite-saturated ground-water reacting with sodium-rich 
marine shales. The firs t evidence is a relationship between calcium and 
sodium concentrations. The second is a relationship between calcium and 
sodium activities.
The firs t thermodynamic evidence is a concentration relationship. 
According to Turk, the calcite is dissolved by carbonic acid to form the 
aqueous species:
For each ion of calcium produced by this reaction, two ions of 
bicarbonate are produced. Written as an equation:
CaC03 + H2C03JCa++ + ZfHCOj); ( 11)
Ca++= 2(HC03) (12)
For the group two waters, ionic exchange takes place:
Na2X + (Ca+2) +CaX + 2(Na+) (13)
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For each ion of calcium adsorbed, two sodium ions are described: 
therefore:
2(Na)+ EfHCOg).
At a constant pH, the concentration of the bicarbonate ion is 
directly related to the carbonate ion. I t  follows that sodium will also 
have this relationship:
Na+ = C(C0'") (14)
Where C is a constant.
PAlso, by definition, k = (Ca+ )̂ X (CO^), (15)
with ks p , the solubility product, a parameter that is constant for 
the reaction at equilibrium.
Substituting Na+/C for COg" yields the following 
relationship:
ksp i = (Ca+2) X (Na)/C (16)
Since kg and C are constants, the equation is for a rectangular 
hyperbola. The data plotted on fig. 22 approximate a hyperbola. As 
either calcium or sodium increase, the hyperbola appears to approach its 
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Figure 22.—Plot of calcium versus sodium for waters from government 
wells, Williams Fork Mountains.
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The second line of thermodynamic evidence described by Turk 
strongly supports the ionic exchange mechanism. The reaction between 
the aqueous solution and the ion exchanges can be shown by:
rCa+2] % + k (CaX)n 
[Na+] (Na2X) (17)
Brackets denote activities and parentheses denote concentrations on the 
ion exchanging material. According to Turk, the activity ratio shown 
on the le ft, as calculated by SOLMEQ for seawater, is 0.16. This forces 
the concentrations on the right side to equilibrate to the same value.
As the subsequent ground water passes through the marine shales, they 
can exchange calcium ions for sodium ions only up to the point where 
aqueous activities ratios of the square root of calcium over sodium is 
0.16, the equilibrium condition in seawater. The ratio can go no lower.
Figure 23 is a plot with the sodium activity as the x-axis and the 
le ft side of equation (17) as the right axis. I f  equation (17) is 
correct, none of the data should plot below 0.16 on the y-axis. This is 
the case. None of the water samples plotted had ratios of the square 
root of the calcium ion over the sodium ion below approximately 0.5.





































Sodium Ion Activity ( 10~3 )
Figure 23.—Plot of the square root of the calcium activity over the 
sodium activity versus the sodium activity.
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Geochemical Conclusions
Ground water in the upper portion of the Mesa Verde Group of the 
Williams Fork Mountains can be divided into two populations based on 
principal cation: Group one waters are dominated by calcium and
magnesium, whereas group two waters have sodium as the principal cation. 
The group one waters are in the west in areas of continental rocks.
They have ground-water flow paths that discharge at the surface, to the 
northeast into the center of the Sand Wash basin or both. The group two
waters are invariably associated with marine shales found east of Hayden
Gulch. Flow in the east discharges at the surface, flows into a small
closed basin in the Twentymile Park area, or flows to the north into the
Sand Wash basin. Several basic chemical reactions provide a simple 
explanation for these distributions. These reactions include the 
formation of carbonic acid from water and carbon dioxide which dis­
sociates and dissolves the carbonate rocks and ion exchange of divalent 
cations for monovalent cations on marine shale exchange sites. The 
controlling processes provide a simple explanation for chemical 
distributions in the area and are backed up by the physical, 
statistical, and thermodynamic evidence.
As a domestic water source, ground-water quality is poor. These 
waters are high in total dissolved solids and exceed various published 
standards for drinking water, although bedrock aquifers are being used 
as a domestic water supply in several locations. The waters are also
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used successfully for stock watering, but low permeabilities and high 
sodium adsorption ratios in group two waters would hamper their use as 
irrigation or commercial water supplies.
The uncontrolled domestic wells provided no useful qualitative or 
quantitative information for this study. The shallow well depths 
resulted in higher percentages of sulfate in the waters. The domestic 
wells were generally completed in alluvium where surface-water, ground­
water mixing ratios are unknown.
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RECOMMENDATIONS
Recommendations resulting from this report are broken into two 
types: recommendations on future well-completion techniques, and
recommendations for further study.
Well-completion practices used on most open-hole wells in the 
Williams Fork Mountains resulted in a large amount of lost data. Wells 
should be completed in specific stratigraphie intervals. This would 
alleviate aquifer mixing and result in specific information on specific 
intervals. Single-interval completions will greatly aid in calculations 
of hydraulic conductivity from transmissivity values from specific 
intervals, provide geochemical information on discrete aquifers, and 
help to clarify ground-water flow in the area.
Further studies should concentrate on site specific hydrologie 
relationships between surface water, alluvial aquifers, and bedrock 
aquifers. With proper well-completion techniques, the information 
provided should result in a much better understanding of the hydrologie 
system as a whole. This is particularly important when trying to 
establish monitoring plans and cumulative impact studies for mines or 
potential mines in the area. In addition, studies on soil-moisture 
relationships on various slopes, aspects, and vegetal areas would
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provide a much better idea of potential recharge available to the 
bedrock system.
Topics in need of further investigation include better definition 
of aquifer hydraulic parameters and their geographical relationships, 
and examination of ground-water flow in the Twentymile Park area. More 
work is needed on hydraulic conductivity relationships between sandstone 
and coal aquifers. Finally, more study is needed on total 
dissolved-solids relationships throughout the area.
Modeling studies in the area are not recommended at this time. 
Recharge relationships and surface-water/ground-water relationships are 
poorly understood. No work has been done on dispersion and retardation 
parameter definition. Until field conditions and hydraulic parameters 
are better defined, results of modeling studies, especially solute 
transport modeling, will be questionable and difficult to defend.
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APPENDIX 1
Well-numbering System fo r  U.S. Geological Survey Wells
Two systems are used to locate and number wells and springs. One 
system ( f ig .  1.1) uses the 14-character code o f the U.S. Bureau of Land 
Management's land-subdivis ion system. The f i r s t  character is  an S, 
which ind icates th a t the well is  located in  the area covered by the 
Sixth P rincipa l Meridian. The next le t te r  denotes the quadrant formed 
by the in te rsec tion  o f the base lin e  (p a ra lle l)  w ith the p rinc ipa l 
meridian. The quadrants are designated A, B, C, or D in  a counter­
clockwise manner w ith northeast quadrant being A. The f i r s t  three 
numbers designate the township, the next three designate the range, and 
the la s t two designate the section. Each section is  then divided in to  
quarters designated A, B, C, or D in  a counterclockwise ro ta tio n , w ith 
the northeast quarter being A. This is  done again fo r  the quarter- 
quarter section and the quarte r-quarter-quarte r section. The three 
le t te rs  fo llow ing  the number designation o f township, range, and section 
ind ica te  the well or spring position  f i r s t  in  the quarter section, then 
in the quarter-quarter section, and then in  the quarter-quarter-quarter 
section. The f in a l number is  the order in  which the well or spring in 
the designated quarte r-quarter-quarte r section was inventoried. A well 
or spring numbered SB00508515CAB1 would be the f i r s t  one located in the 
NWiNEiSWi sec. 15, T. 5 N ., R. 85 W.
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WELL SB00508515CABI
Figure 1 *1 - System of locating and numbering wells and springs by township, 
range, and section.
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The second method is a 15-digit number derived from latitude and 
longitude. The firs t six digits represent degrees, minutes, and seconds 
of latitude, and the next seven digits represent degrees, minutes, and 
seconds of longitude. The remaining two digits indicate the sequence 
in which wells or springs with the same latitude-longitude designations 
were inventoried.
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Appendix 2 .--Geochemical C o llection Procedures
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Several steps were required to  c o lle c t representative geochemical 
samples from w ells  in  the area. The process involved flush ing  by 
a i r l i f t  to  clean the w e lls , determination o f f ie ld  parameters, 
f i l t r a t io n  o f the sample, and transporta tion  to  the U.S. Geological 
Survey laboratory in  Denver, Colo.
Most wells were flushed fo r  several hours by a i r l i f t i n g  o f water 
p r io r  to  sample c o lle c tio n . This step was necessary to  ensure co lle c tio n  
o f a water sample representative o f ground-water cond itions. A large a ir  
compressor supplied the pressure to  p la s tic  o r rubber nonreactive hoses 
put in to  the w e ll. When the a i r  was released from the compressor, i t  
flowed to  the bottom o f the hose, creating a pressure d if fe re n t ia l 
s u ff ic ie n t to  carry water to  the surface. This procedure was carried  
out fo r  approximately two hours per w e ll. This procedure worked well in 
a l l  w e lls  except fo r  those th a t had water leve ls fa r  below the surface. 
Following th is  procedure, the w ells were allowed to  re -e q u ilib ra te  w ith 
fresh aqu ife r water fo r  a minimum o f one-half day.
Following the flu sh in g , f ie ld  parameters were determined and a 
representative sample co llec ted . The procedure followed was to  b a il the 
well several tim es, d iscarding the water, while  c a lib ra tin g  sp e c ific  
conductance and pH meters. Sample co lle c tio n  then began. To ensure a
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representative sample, a minimum o f three b a ile r  samples o f constant 
temperature, pH and sp e c ific  conductance were measured and discarded. 
Following b a ilin g  o f the well to  constant temperature, pH, and sp e c ific  
conductance, the necessary f ie ld  parameters, sample co lle c tio n  began.
In order to  determine the parameters lis te d  in  Appendix 5, the 
fo llow ing  samples were necessary:
Amount Type
2,250 ml F ilte re d  through 0.45 micron f i l t e r  paper and a c id if ie d
w ith 2 ml n i t r ic  acid to  a pH below three. Samples were 
placed in to  b o ttle s  rinsed w ith acid p r io r  to  co lle c tio n  
to remove im pu ritie s .
250 ml U n filte red  water a c id if ie d  w ith  1 ml n i t r ic  acid to  a ph
below three is  placed in  bo ttles  prerinsed w ith acid.
250 ml F ilte re d  through 0.45 micron f i l t e r  paper and c h ille d  to
preserve nitrogen and phosphorous.
250 ml F ilte re d  through 0.45 micron sample to  remove suspended
sediments.
250 ml Raw, untreated sample.
Samples were co llected Monday through Friday, and driven to  Denver 
to the Central Lab Saturdays, ensuring fresh samples.
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The fo llow ing  recovery p lo ts  were drawn from time-drawdown curves 
provided by a s tr ip -c h a r t recorder connected to  an e le c tro n ic  pressure 
transducer during the slug te s ts . Two types o f graphs were drawn fo r  
two d if fe re n t analysis schemes.
The f i r s t  type o f graph was drawn fo r  use in  the method described 
by Cooper and others (1967). This type o f graph requires a semi- 
logarithm ic p lo t w ith  a logarithm ic abscissa o f time ( t ) ,  and an 
a rithm e tic  ordinate w ith  the ra t io  o f head a t time ( t )  to  the maximum 
head charge produced ju s t  a f te r  in i t ia t io n  o f the te s t (h /ho). These 
graphs are labeled Type I .  Analysis procedure fo r  th is  type te s t is  
described in  the paper by Cooper and others (1967).
The second type o f graph is  used fo r  analysis procedures lis te d  in  
Bouwer and Rice (1976). For th is  type graph, sem i-logarithm ic paper is  
also necessary; however, an a rithm e tic  abscissa and a logarithm ic 
ordinate o f drawdown are used. For th is  type graph, the match po in t and 
ca lcu la tions used to produce the tra n sm iss iv ity  value are shown. These 
p lo ts  are labeled as Type I I .  Note th a t th is  method a c tu a lly  calculates 
hydraulic conductiv ity  which is  used in  conjunction w ith  the estimated 
saturated thickness to produce a tra n sm iss iv ity . For th is  analysis 
scheme, only the casing radius was used in  ca lcu la tions . Most trans­
m is s iv it ie s  calculated by th is  method were low, genera lly less than
ER-2545 170
10 feet squared per day, making further analysis unnecessary. Also, the
ratio of over r in the final equation for calculation of the e w
hydraulic conductivity is in the numerator and varies logarithmically, 
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182
o




n m o :
■J—f-4
a -M-




M :! I N j; .i 1 • , ■; Î-J ! ■ j ! .1' j.a —;■
l i n t *  158", T* 4.7 & 29 f t  /day




(not a U.S.G.S. well) type II








j rc« 1.03 & 2.56"
; t | t= 130", T= 8 & 30 ft2
















13. 029-76-5 (not a U.S.G.S. w e l l )  type I
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